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ABSTRACT 
 
 
 

UNDERSTANDING BROAD-SPECTRUM DISEASE RESISTANCE IN RICE:  

PROMPTING A GENOME-WIDE UPRISING 
 
 
 

 Rice is the main staple food crop of the world, and thus, the detriments caused by rice 

diseases are a threat to international food security.  The emergence of new virulent strains of 

pathogens can significantly reduce yields, and there are continual efforts to develop more 

resistant rice cultivars.  Utilization of single R-genes is effective, but has proven inadequate due 

to rapid pathogen evolution.  Thus, there is a need for breeding multigenic, broad-spectrum 

disease resistance in new varieties.   

This study aims to understand the aspects of basal resistance and its contribution to 

tolerance to multiple, diverse pathogens.  Phenylalanine ammonia-lyase is a key enzyme in 

phenylpropanoid metabolism, which contributes to the basal defense response (DR).  In this 

project, the DR gene, OsPAL4, which colocalizes with a disease resistance Quantitative Trait 

Loci (QTL), was shown to contribute to resistance to three important rice diseases, rice blast, 

bacterial blight, and sheath blight, in experiments using an ospal4 mutant. The functional 

element of resistance QTL haplotypes of DR genes such as OsPAL4 are largely unknown, and 

this work searched for sequence patterns in the promoters of DR genes to discern a regulatory 

mechanism specific to DR.  Multiple cis-regulatory Modules (CRMs), or groups of DR-related 

sequence motifs were identified in promoters of DR genes.  These CRMs harbor structural 

organizations of cis-elements known to be involved in the DR, and also motifs involved in a 

putative epigenetic regulatory mechanism.  Polymorhpisms in CRMs are found in resistant 
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relative to susceptible QTL haplotypes in DR gene promoters.  These CRMs are sequence 

patterns found across DR gene promoters.  Thus, we hypothesize that DR-associated CRM can 

be used as breeding markers to select loci on a genome scale that encode traits supporting broad 

spectrum basal resistance to important rice diseases.  
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Chapter 1:  Introduction 
 

 

 

Agriculture today and the threat of diseases in rice 

 The farming and distribution of staple foods allows us to sustain the world’s population.  

These crops mainly consist of maize, wheat, and rice, occupying 40 percent of global farmland 

(Oerke & Dehne, 2004).  As globalization continues, the types of agricultural crops grown across 

the world, including the staple grains, are heading towards homogenization (Khoury et al., 2014).  

The increasing similarity of crops worldwide brings a great risk to our global food security, 

especially due to the spread of plant diseases.  On the field level, close proximity of genetically 

similar hosts facilitates plant-to-plant pathogen transmission (Plantegenest et al., 2007).  On the 

regional and global scale, crop pathogens, notably fungal, are spreading rapidly into new host 

ranges, mostly due to anthropogenic introductions (Anderson et al., 2004; Bebber et al., 2014).  

This ensures that all crops will face a continuous offensive of newly emergent, virulent 

pathogens in the future.     

Rice feeds 50 to 60 percent of all people, and stands as the most important staple food for 

humanity (Sharma et al., 2012; White, 1994).  There exist three major diseases of rice: the 

bacterial pathogen Xanthomonas oryzae pv. oryzae (bacterial blight), and two fungal pathogens 

Magnaporthe oryzae (rice blast) and Rhizoctonia solani (sheath blight).  The potential yield of 

rice can be decimated by 70 percent due to bacterial blight caused by X. oryzae pv. oryzae (Goto, 

1992; K. Reddy, 1979; Ou, 1985).  Rice blast can reduce yields from 20 to 30 percent, and 

sheath blight similarly can reduce yield by 25 percent (Banniza & Holderness, 2001; Jia et al., 

2013; Skamnioti & Gurr, 2009).  The severity of disease conditions can be attributed to the 

farming methods used.  In many instances, given the right climatic conditions, rice farmers 
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implement as many as three croppings per year of only rice, which can increase disease 

prevalence due to the continuous abundance of hosts (Tilman et al., 2002).  One solution for 

staving off fungal infection and insects is through application of fungicides and pesticides, but 

the detriments often outweigh the benefits.  These applications can negatively affect the 

agricultural ecosystem, by eliminating beneficial predators and competitors of pathogens and 

pests (Wilson & Tisdell, 2001).  Secondly, the effectiveness of these chemical treatments can be 

overcome by rapid evolution of fungal pathogens and pests due to a strong selection on the target 

molecular mechanism (Ma & Michailides, 2005; Su et al., 2014).  One example involves the 

resistance of M. oryzae to a rice fungicide, carpropamid, which occurred from a single, non-

synonymous point mutation in the scytalone dehydrase gene that disabled the inhibitory action of 

carpropamid on the encoded enzyme (Sawada et al., 2004).  Given the continuous selection 

pressure on pathogens to overcome disease resistance, the threats to crop production are daunting 

for farmers and stakeholders, and there has been a continuous call for new solutions, either 

through genetic resistance in the seed or changes to farming and cultural methods (Gilligan, 

2008). 

One method for the reduction of disease pressures on rice involves planting multiple, 

genetically dissimilar varieties to diffuse selective pressures and mitigate pathogen spread.  

Intercropping to exploit the benefits of genetic diversity across the rice germplasm has been 

studied in multiple scenarios.  Due to the cool and wet climate, farms in Yunnan Province, China 

experience frequent outbreaks of rice blast disease.  Many farmers here grow a glutinous rice for 

the high market value, but it is highly susceptible to this fungal pathogen.  When these glutinous 

varieties were grown in rows interspersed with resistant, non-glutinous hybrid rice, the 

susceptible varieties showed as much as 89% increase in yield and a 94% reduction in blast 
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disease incidence compared to growth in monoculture (Zhu et al., 2000).  A similar result was 

found in Japan, with the interplanting of multilines to reduce rice blast disease (Koizumi & 

Ashizawa, 2004).  Multilines are defined as a group of Near-Isogenic Lines (NILs) which are 

phenotypically similar, yet contain different compositions of resistance genes among them.  

Planting these multilines greatly reduced the severity of blast disease in each component pure 

line (Koizumi & Ashizawa, 2004).  The use of varietal mixtures is advantageous against fungal 

pathogens due to the low gradient of spore dispersal by wind, but in the bacterial blight 

pathosystem, splashing rain droplets aid dissemination.  This results in increased autoinfection, 

or the re-inoculation of a host by bacteria already present on the plant, resulting in a high 

dispersal gradient (Mundt & Leonard, 1986).  Intercropping two rice varieties with distinct X. 

oryzae pv. oryzae resistance genotypes was effective in certain allelic combinations, though the 

resulting resistance phenotype was similar to planting single varieties containing the two 

resistance loci (Ahmed et al., 1997).  Since dispersal of X. oryzae pv. oryzae is concentrated to 

the plants directly surrounding the infected host, a more complex mixture of varieties could 

increase the effectiveness of this method (Ahmed et al., 1997).  There are many reasons why 

including genetic diversity in the field reduces disease.  Planting rice in genetic mixtures can 

prevent a pathogen from evolving to specialize against a particular variety, reduce host-to-host 

dispersal, and result in overall reduction of pathogen populations on the canopy and within the 

soil (Mundt, 2002).  This method of rice farming has promising potential, but there are problems 

with adoption, since machine harvests would be impaired by large phenotypic variation in plant 

structure and differences in maturation time.  The use of multilines as described by Koizumi and 

Ashizawa, 2004, circumvents this issue due to the selection of phenotypic homogeneity of NIL 

populations.  It is important to also note that issues such as plant height difference are only 
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difficult if the deviation is extreme, and the timing of harvest among anthesis variants can be 

lenient enough to accommodate for any “late bloomers” (Mundt, 2002). There lies great promise 

in exploiting genetic diversity to improve the adaptability of our agricultural system to new 

diseases.  There is also a great need to understand how rice varieties harbor resistance, 

specifically at the molecular level of plant-microbe interactions.  Discerning the genetic factors 

that improve rice resistance to a broad spectrum of pathogens will inform breeders and farmers 

of what genotypic varieties to use as they creatively find new ways to sustain crop health. 

 

The molecular plant-microbe interaction 

The mode of infection for the hemibiotrophic, vascular pathogenic bacteria, X. oryzae pv. 

oryzae, begins with entrance into the rice leaf through hydathodes at the leaf tip and margin or 

through wounds (Ou, 1985).  Moving into the hydathode can be passive as water exudes and 

retracts over the day/night cycle, or occurs actively by swimming into the intercellular space 

(Nino-liu et al., 2006).  The bacteria multiply in the epitheme and eventually infect the xylem 

vessels.  Conversely, the rice blast fungus, M. oryzae, can directly penetrate through rice tissue 

surfaces of the leaf, panicle, nodes, and stems (Wilson & Talbot, 2009).  Spores (conidia) land 

on the rice plant and initiate germ tube growth. The end of the germ tube differentiates into an 

appressorium through cues such as contacting a hydrophobic surface or cutin monomers (Talbot, 

2003).  The appressorium generates turgor and penetrates the cell surface and through this site 

the hyphae grow throughout the intercellular space.  Ultimately, the hyphae modify behavior into 

more invasive and necrotrophic intracellular growth.  Symptoms of disease can occur during 

either stage (Wilson & Talbot, 2009).  Sheath blight disease is caused by R. solani and this 

fungus begins the infection progress within the soil after initial germination (Keijer, 1996).  The 
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mycelia grow towards the rice plant and up along the surface of epidermal cells, eventually 

forming appressorial structures.  Upon penetration into the intracellular space, the hyphae secrete 

enzymes including proteinases that result in host tissue necrosis (Gvozdeva et al., 2006). 

Plant recognition of virulent pathogens starts with cell-to-cell contact, and the molecular 

reactions that ensue are both complex and comprehensive (Azizi et al., 2016; Corwin & 

Kliebenstein, 2017; Cui et al., 2015; Jones & Dangl, 2006; Katagiri & Tsuda, 2010; Nejat & 

Mantri, 2017; Nishimura & Dangl, 2010).  During infection, the plant cell recognizes molecular 

compounds that originate from the pathogen, known as Pathogen Associated Molecular Patterns 

(PAMPs); these PAMPs are highly conserved across fungal and bacterial genera, respectively 

(Corwin & Kliebenstein, 2017; Jones & Dangl, 2006).  PAMPs are recognized by plant cell 

membrane-localized receptor-like kinases (RLKs) (Boller & Felix, 2009; Monaghan & Zipfel, 

2012).  These proteins are known as Pattern Recognition Receptors (PRRs) and contain an 

extracellular Leucine-Rich Repeat (LRR) domain for reception of the PAMP, a transmembrane 

domain, and an intracellular kinase domain (Couto & Zipfel, 2016).  The recognition of a PAMP 

is the first step in the process known as PAMP-Triggered Immunity (PTI), and the subsequent 

course of events that prevent pathogen infection is known as the plant Defense Response (DR) 

(Corwin & Kliebenstein, 2017; Jones & Dangl, 2006).  The role of PRRs is to initiate a signaling 

cascade of mitogen-activated protein kinases (MAPKs) (Couto & Zipfel, 2016; Pitzschke et al., 

2009).  After this initial signaling step, the plant cell begins an elaborate modulation of cellular 

processes contributing resistance. 

The plant DR resulting from PTI is complex, but can be measured by changes in pH 

and/or increased oxidative compounds.  For example, the bacterial pathogen Pseudomonas 

syringae contains a conserved 22-amino acid sequence, flg22, within its flagellin protein.  One of 



6 

 

the PRRs, known as FLS2, binds to flg22, and functional homologs reside in Arabidopsis, rice 

and tomato (Boller & Felix, 2009; Gómez-Gómez & Boller, 2000; Takai et al., 2008).  The 

FLS2-flg22 interaction elicits a strong alkalinization and an oxidative burst in suspension-

cultured cells of multiple crop species (Felix et al., 1999).  Another PAMP, the bacterial 

elongation factor, EF-Tu, binds and activates a different PRR, the transmembrane protein EFR 

(Zipfel et al., 2006).  This causes a response in Arabidopsis with oxidative bursts and ethylene 

production (Kunze, 2004).  The oligosaccharide chitin, a component of fungal cell walls, also 

functions as a PAMP (Felix et al., 1993).  Chitin is recognized by the rice Chitin Elicitor Binding 

Protein, CEBiP, which resides in the plant cell membrane, but lacks an intracellular kinase 

domain (Kaku et al., 2006).  The receptor CEBiP requires the rice protein kinase activity of 

CERK1 to activate the chitin-induced MAPK reactions, and they form a heterodimer when cells 

are treated with chitin oligosaccharides (Miya et al., 2007; Shimizu et al., 2010).  This interaction 

elicits a DR witnessed as oxidative bursts in many crops including rice (Felix et al., 1999; Felix 

et al., 1993; Kaku et al., 2006).  Each of these described PTI-inducing interactions are due to 

non-species-specific PAMP-PRR recognition.  Thus, the downstream mechanism of PTI is a 

broad-spectrum DR reaction, meaning that pathogens of many species, either fungal or bacterial, 

can trigger the response (Dodds & Rathjen, 2010).  This is known as basal resistance, and has 

been realized by breeders in the past as incomplete, horizontal, or field resistance, due to the 

tolerance rather than total immunity that emerges in the field relative to fully susceptible crop 

varieties (Kiyosawa, 1982).    

The PTI reaction can be circumvented by pathogen-derived secreted proteins known as 

effectors that either suppress the DR or enhance susceptibility (Jones & Dangl, 2006; Koeck et 

al., 2011; Liu et al., 2013).  One case of an effector inhibiting PTI is during the biotrophic stage 
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of M. oryzae. As the hyphae grow through the host intercellular space, the fungus secretes an 

effector, Secreted LysM protein 1 (Slp1), that binds to chitin oligosaccharides. This activity is in 

direct competition with the chitin-binding PRR, CEBiP.  The result is chitin sequestration by 

Slp1, thereby lessening the severity of DR caused by CEBiP/CERK1-mediated PTI (Mentlak et 

al., 2012).  Many pathogen effectors are recognized directly by the plant cell, or indirectly by 

monitoring effector activity, which frequently, but not always, initiates a Hypersensitive 

Response (HR) or rapid localized cell death, to inhibit infection spread (Nejat & Mantri, 2017).  

The effector triggered responses are known as Effector-Triggered Immunity (ETI).  Host genes 

that encode effector-sensing proteins are known as Resistance (R-) genes; many R genes encode 

nucleotide-binding leucine-rich repeat (NBS-LRR) proteins (Cui et al., 2015).  One example of 

an M. oryzae effector triggering ETI involves the secreted protein, AvrPiz-t, which inhibits DR 

and prevents induced cell death in tobacco (Li et al., 2009).  The rice R-gene, Piz-t, produces a 

NBS-LRR that recognizes AvrPiz-t, with the aid of the rice E3 ligase APIP10, producing an HR 

phenotype (Park et al., 2016).  A number of effectors secreted from the bacterial pathogen X. 

oryzae pv. oryzae encode Transcription Activator-Like Effectors (TALEs) that are injected into 

host cells via the type III secretion system, and modulate transcription of various host 

“susceptibility genes” to promote infection (Hutin et al., 2015).  An interesting form of ETI plays 

out between the X. oryzae pv. oryzae TALE, AvrXa27, and the rice R-gene Xa27. Transcription 

of Xa27 is activated by the binding of AvrXa27 with the R-gene’s native promoter, which 

induces cell death, resulting in resistance (Gu et al., 2005).  These examples of a single R-gene 

interacting (directly or indirectly) with a single effector protein are known as gene-for-gene 

resistance (Brown & Tellier, 2011; Flor, 1942).  Contrary to disease tolerance, the strong 

response from ETI is more qualitative than quantitative, classically named as vertical or 
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complete resistance due to the strong inhibition of pathogen proliferation in the field.  Since the 

nature of ETI is a gene-for-gene interaction, it is also usually species- and strain-specific.   

The downstream responses of ETI or PTI both involve modulation of the expression of 

functionally diverse “DR genes,” which are genes that enhance resistance or mediate other 

cellular processes to avoid fitness costs during disease (Kou & Wang, 2010).  The processes to 

which DR genes contribute is expansive.  For instance, DR genes modulate cellular secondary 

metabolism while also subsequently reacting to those modulations.  The production of Reactive 

Oxygen Species (ROS), specifically superoxide and hydrogen peroxide, are increased in 

response to pathogen infection in what is called an oxidative burst (Lamb & Dixon, 1997; Torres 

et al., 2006).  This can aid in strengthening the cell wall and activating DR genes (Bradley et al., 

1992; Levine et al., 1994).  Other secondary metabolites include the phenylalanine-derived 

phytoalexins produced from the phenylpropanoid pathway, many of which have antimicrobial 

properties (Piasecka et al., 2015).  Hormonal flux also plays a major role in DR (Shigenaga & 

Argueso, 2016).  Auxin, in the form of Indole-3-Acetic Acid (IAA), secreted by X. oryzae pv. 

oryzae, and M. oryzae, induces the production of expansins in the host, weakening the cell wall 

(Ding et al., 2008; Fu et al., 2011).  Rice DR genes, GH3-1, GH3-2, GH3-8 and GH3-13 all are 

able to prevent this by inactivating IAA (Fu et al., 2011).  Salicylic Acid (SA) functions 

positively on rice defense.  Treatment with SA activates the DR gene transcription factor, 

OsWRKY45.  When OsWRKY45 is overexpressed, the DR is enhanced against M. oryzae 

(Shimono et al., 2007).  Jasmonic Acid (JA) activates the expression of DR genes, and plays a 

primary role in defense against necrotrophic pathogens (Browse, 2009; Yang et al., 2012).  

Another plant hormone, ethylene, activates DR genes in response to fungal pathogens, such as 
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M. oryzae, but has a negative effect on resistance to the bacteria, X. oryzae pv. oryzae (Iwai et 

al., 2006; Shen et al., 2011; Singh et al., 2004). 

Many DR genes are transcription factors themselves that mediate plant resistance.  The 

WRKY family of transcription factors have a large contribution.  The suppression of OsWRKY13 

results in susceptibility to both X. oryzae pv. oryzae and M. oryzae (Cheng et al., 2015; Qiu et 

al., 2009).  Along with WRKY45 (OsWRKY45-1), OsWRKY45-2 is also a DR gene involved in 

hormonal flux, but when overexpressed, the gene conversely increases resistance to X. oryzae pv. 

oryzae and enhances susceptibility to M. oryzae (Tao et al., 2009).  Another WRKY factor, 

OsWRKY30, is activated by both JA and SA, and involved in resistance to R. solani and M. 

oryzae (Peng et al., 2012).  A CCCH-type zinc finger transcription factor, OsC3H12, enhances 

resistance to X. oryzae pv. oryzae when expressed, as well as increases JA and expression of JA-

related DR genes (Deng et al., 2012).  A member of the NAC transcription factor family, 

OsNAC111, is upregulated during M. oryzae infection, and when overexpressed, increases 

resistance to the rice blast fungus (Yokotani et al., 2014).  In addition, OsNAC111 binds to and 

activates the promoters of DR genes chitinase and β-1,3-glucanase (Yokotani et al., 2014).  DR 

genes are also involved in many other fitness-related processes such as carbon metabolism for 

mediating energy usage to maintain homeostasis (Hulsmans et al., 2016).  The diversity of DR 

gene function illustrates the adaptability and complexity of plant defense, and understanding this 

is critical for future breeding efforts.  

A multitude of DR genes are regulated by both ETI and PTI (Bozsó et al., 2016; Navarro 

et al., 2004; Tao et al., 2003).  The cellular processes involved in inter- and intra-cellular 

signaling, along with producing anti-fungal and anti-microbial compounds are pertinent to any 

immune reaction.  Thus, DR genes are important when breeding for broad spectrum and durable 
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basal resistance from both fronts.  The conventional approach to developing resistant rice 

varieties mainly consists of selecting plants with strong resistance owing to single R-genes.  The 

fault in this method lies in the gene-for-gene mechanism, which a pathogen easily overcomes 

over a few generations of rapid effector protein evolution (Ballini et al., 2008).  Contrary to the 

functional restrictions of ETI, the PAMPs that bind to PRRs are highly conserved, non-species-

specific, and usually critical for pathogen survival.  Thus, selective pressures will not favor the 

mutation of PAMPs (Dodds & Rathjen, 2010; Kou & Wang, 2010).  Additionally, breeding for 

R-gene-mediated resistance overlooks allele variants of strong basal resistance DR genes, thus 

these genotypes can be lost during the breeding process.  This generational loss of quantitative 

resistance due to a focus on R-gene resistance is known as the Vertifolia effect (Van der Plank, 

1963).  Instead, the focus of breeding should expand to encompass strong quantitative resistance, 

which includes the downstream genes.  A more sustainable and holistic approach to breeding for 

broad-spectrum and durable resistance focuses not only on both PTI and ETI, but also 

importantly, on the underlying DR genes and their regulation. 

 

DR genes within Quantitative Trait Loci for durable resistance 

 The short-lived resistance from single R-genes is historically well-known and the search 

for more durable forms of disease resistance is a long-lived and venerable proposal (Johnson, 

1984).  Durable resistance depends on the environmental context, but generally signifies that a 

cultivar harbors resistance to multiple strains of a pathogen species, and lasts for an extended 

period.  Disease resistance Quantitative Trait Loci (QTL) are genomic regions associated with a 

resistant phenotype variant.  These QTL are often partial contributors to basal resistance, and DR 

genes reside within these loci (Kou & Wang, 2012; Ramalingam et al., 2003).  A QTL for partial 
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resistance to stripe rust in wheat, Lr34, encodes an ABC transporter that was effective for fifty 

years (Dyck, 1966; Krattinger et al., 2009).   A durable partial resistance locus, Rpg1, has 

persisted in barley against the stem rust pathogen since 1942 (Sun & Steffenson, 2005).  The 

barley MLO locus is a negative regulator of DR, and the mutant allele has exhibited long-lasting 

resistance to powdery mildew (Piffanelli, 2002).  Selecting for these partial resistance loci can 

produce a longer lasting phenotype than an R-gene mediated hypersensitive response, possibly 

due to the lower selective pressure that QTL DR genes have on the pathogen.  Though, these loci 

are all single genes, and thus the event of resistance breakdown in the future is possible.  To 

strengthen QTL-mediated basal resistance, many studies have attempted stacking QTL 

containing DR loci into a single variety, known as QTL pyramiding (Boyd et al., 2013; Kou & 

Wang, 2012).  Wheat varieties were crossed that harbored QTL for “slow rusting”, a resistance 

phenotype attributed to various races of leaf and stripe rusts, and the current results of the 

breeding program show durable resistance.  This is due to the pyramiding of four to five different 

DR gene loci, and there exists a positive relationship between the level of resistance and the 

number of DR genes present in different lines (Singh et al., 2011).  Strong basal resistance in 

winter wheat to Septoria tritici blotch was achieved by incorporating DR gene QTL from four 

separate chromosomes.  The winter wheat lines that contained all four QTL displayed the lowest 

mean disease scores (Vagndorf et al., 2017).  In rice, basal resistance to M. oryzae was attributed 

to five QTL, with a candidate DR gene within each locus (Liu et al., 2004).  Incorporating each 

of the effective QTL alleles incrementally decreased the diseased leaf area across multiple 

environments and locations, and has retained durability (Liu et al., 2004; Manosalva et al., 2009).  

The success of QTL pyramiding reinforces our understanding of the polygenic nature of a robust 

DR, and the importance of considering many loci when breeding for durable resistance.  In these 
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studies, it is nearly impossible to consider all possible biotic stresses that can harm a crop, so 

single disease threats are the focus.  The results of many different experiments in identifying 

resistance QTL exist, and subsequent analysis of overlapping loci can shed light on DR genes of 

broad spectrum resistance.   

 

Can broad spectrum resistance QTL be identified? 

 There are several resistance-associated QTL analyses for the rice diseases caused by M. 

oryzae, X. oryzae pv. oryzae and R. solani.  It is probable that overlapping QTL for resistance to 

these three pathogens may contain DR genes that impart broad-spectrum resistance.  For this 

review, the publicly available data for QTL against these three diseases was obtained from 

curated databases and recently published results (Table S1-1: Supplemental).  Each QTL was 

then mapped to the twelve chromosomes of the rice reference genome Nipponbare (Figure 1-1) 

(rice.plantbiology.msu.edu).  An enrichment analysis to find QTL-dense regions within each 

chromosome was conducted by comparing QTL density in ~3 Mb sections to the entire 

respective chromosome (Figure 1-2, Table S1-2: Supplemental).  The results were insignificant, 

with no P-value less than the Benjamini-Hochberg critical value.  Even though no genomic 

regions were identified as “QTL-enriched,” some segments such as the long arm of chromosome 

1 and chromosomal segments of 3, 4, 5, and 11 show a relatively high density in QTL (Figure 1).  

There may be functional DR genes within these regions.  Indeed, previous studies have mapped 

large effect R-genes and DR genes to regions where multiple resistance QTL overlap (Kou & 

Wang, 2012; Ramalingam et al., 2003).  The enrichment analysis is likely impacted by the 

variability of QTL sizes, some spanning the majority of a chromosome.  This is due to the 

technological restraints of QTL analyses over the years, with differences in marker density and 
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sequencing availability.  This meta-analysis illustrates the difficulty of understanding the 

contribution of polygenic DR through QTL mapping.  On one hand, marker density can be very 

low, thus encompassing many DR genes along with non-DR loci.  Oppositely, a high marker 

density, such as the QTL peaks seen in Figure 1-1, are found using sophisticated methods such as 

Genome-Wide Association Studies (GWAS).  The improvement in resolution will only find the 

most significant players in DR and overlook the small-effect DR genes involved in quantitative 

resistance.  Another issue in identifying broad-spectrum DR genes involves the inadequate 

assumptions made about what constitutes a DR gene, because we lack a comprehensive 

understanding of all genes involved in basal resistance.  In a GWAS study for M. oryzae 

resistance, 16 strains of the pathogen were tested on a total of 366 varieties from the indica 

subpopulation (Wang et al., 2014).  Using ~800,000 SNP variants, a total of thirty loci were 

identified as significant.  Four of these loci were mapped to known R-genes, Pia, Pik, and Pif 

(x2) (Wang et al., 2014).  The candidate genes within these loci were attributed to basal 

immunity as well as R-gene-mediated resistance, but the significant loci were few.  The precision 

of GWAS is helpful in finding loci with a large-effect, but the phenotypic contributions of these 

genes mask any small-effect DR genes, even though they collectively play a large role in basal 

resistance.  

 Transcriptome analysis of differential gene expression during infection has contributed to 

understanding the wide scope of genes involved in the DR.  In a study measuring the 

transcriptome of the response to M. oryzae infection where the varieties tested were resistant or 

susceptible with a similar genetic background, a total of 755 differentially expressed genes were 

identified relative to the mock inoculation (Wei et al., 2013).  The resistant variety significantly 

up- and down-regulated ~500 more genes than the susceptible rice after infection.  These 
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differentially expressed genes may not yet be functionally validated in the DR, but their 

expression is DR-specific, thus each one could be small contributors to the mediation of 

quantitative resistance.  When identifying broad spectrum QTL, there stands a dichotomy 

between very small-effect DR genes hidden at a low resolution, and largely-influential DR and 

R-genes found at high resolution.  It is not feasible to identify and functionally validate each 

broad-spectrum DR gene in the genome, thus it is best to understand what characteristics a DR 

gene harbors to better contribute to DR.  These characteristics may be overarching, allowing 

easier, blanketed search for “good” DR gene traits. 

 

 

Searching for “good” DR genes 

 

The polymorphisms that distinguish a DR gene between resistant and susceptible 

varieties often do not involve the coding sequence, but rather the upstream region behind the DR 

gene.  Promoter sequence differences can affect the expression of a downstream gene due to 

factors such as transcription factor binding, polymerase recruitment, or structural epigenetic 

modifications.  In a QTL for rice blast resistance on rice chromosome 8, the candidate functional 

genes are a family of twelve Germin-Like Proteins (GLPs), OsGLP8-1 to -12.  The functionality 

of GLPs has to do with cell wall localization and superoxide dismutase enzyme activity to 

produce hydrogen peroxide, but they lack an oxalate oxidase domain as seen in normal germins 

(Christensen et al., 2004; Davidson et al., 2009).  A subset of OsGLP8 DR genes has been shown 

to contribute to resistance, and the most influential, OsGLP8-6, confers resistance to M. oryzae, 

X. oryzae pv. oryzae and R. solani (Davidson et al., 2010, 2009; Manosalva et al., 2009).  In the 

resistant QTL donor variety, SHZ-2, there exists an 858 bp promoter insertion and upon 

pathogen inoculation, expression of OsGLP8-6 is higher and faster relative to the susceptible 
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variety, LTH (Davidson et al., 2010).  The promoter insertion contains known cis-elements, i.e. 

transcription factor binding sites, for DR-related transcription factors such as the WRKYs 

(Davidson et al., 2010).  Within a rice blast resistance QTL on rice chromosome 3, a family of 

four functional Oxalate Oxidases (OsOXOs) reside, and one of them, OsOXO4, is involved in 

resistance to both M. oryzae and R. solani (Carrillo et al., 2009; Karmakar et al., 2016).  In the 

resistant variety, Moroberekan, OsOXO4 is expressed to higher levels than that of the susceptible 

variety, Vandana (Carrillo et al., 2009). The resistant haplotype contains a 26 bp promoter 

insertion in OsOXO4, containing DR-associated cis-elements (Carrillo et al., 2009).  The IAA-

suppressing DR gene mentioned before, OsGH3-2, colocalizes with resistance QTL against both 

X. oryzae pv. oryzae and M. oryzae (Fu et al., 2011).  Induced expression of OsGH3-2 enhances 

resistance to X. oryzae pv. oryzae as well (Fu et al., 2011).  The OsGH3-2 promoter also contains 

distinct polymorphisms between resistant Minghui 63 and susceptible Zhenshan 97 that 

introduce auxin-responsive and DR-related cis-elements in the resistant haplotype (Fu et al., 

2011).  A rice CCCH-type zinc finger nucleic acid-binding protein, OsC3H12, colocalizes with a 

X. oryzae pv. oryzae resistance QTL on chromosome 1 (Deng et al., 2012).  The OsC3H12 

resistant QTL donor, Mudanjiang 8, uniquely accommodates 12 SNPs and an 8 bp insertion in 

the promoter.  Each of these examples illustrates the possibility of DR gene regulation being the 

key to enhance basal resistance.  It is also significant to note that most of these genes are found 

in multiple disease resistance QTL and function in broad-spectrum resistance.  The adaptability 

of DR genes to transcriptionally modulate during different biotic stresses is key to broad-

spectrum functionality, thus where to look when searching for “good” DR genotypes hides in the 

promoters. 
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Towards improving broad spectrum resistance 

 Developing rice cultivars with broad spectrum resistance can be approached with many 

different strategies.  Introgression of single DR genes into an elite variety by crossing with a DR 

gene donor and subsequent backcrossing is one solution.  Another proposal is to incorporate a 

“good” DR gene promoter into the upstream space of known DR genes using transgenics.  Both 

methods are focused on one or a few genes with a fixed genotype.  Reliance on a few loci brings 

the same risks as reliance on single R gene resistance, i.e., the possibility that the gene will be 

overcome by the pathogen in future generations.  Continued focus on single genes neglects the 

potential that lies in resistance alleles of small effect DR genes throughout the genome.  

Sequencing technologies continue to improve and become more accessible.  Rice genomic 

resources also expand, such as the 3000 rice genomes project (www.irri.org).  With these 

advances, a more holistic view of broad spectrum resistance is coming into focus, helping us to 

consider the whole genome as we breed rice.  However, for that to happen, new ways to analyze 

the rice DR need to be explored.  

 

Thesis summary 

  Future directions in rice breeding will need to consider how to sustain crop productivity 

in a changing environment, while also considering the constant threat of new biotic stresses.  We 

now fully understand that single genes will not achieve this goal, but the genotypes for durable 

resistance do exist, and the responsible genes lie throughout the genome in different rice 

varieties.  Identifying these alleles is key to future breeding efforts, but they are largely 

unknown.  Broad spectrum resistance has been attributed to known DR genes, but understanding 

what regulates diverse DR genes is yet to be understood.  The following study asks the 
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questions: (1) What is a broad-spectrum DR gene?  (2) How is diverse DR gene regulation 

orchestrated?  (3) Are there similar resistance alleles attributed to many DR genes? 

In the first chapter, I address the role of candidate DR genes underlying QTL in broad 

spectrum resistance using as an example one DR gene family, Phenylalanine Ammonia Lyase 

(OsPAL).  To approach this, an OsPAL mutant (ospal4) was identified from a rice mutant 

population, and after genetic characterization, the response of the mutant to three diverse rice 

pathogens (M. oryzae, X. oryzae pv. oryzae, and R. solani) was assessed.  In the second chapter, I 

used a bioinformatics analysis to address how DR genes coregulate to control different diseases, 

investigate if promoter signatures are shared among DR genes, and if these signatures are 

associated with their function in broad-spectrum disease resistance.  In the final chapter, I 

provide a synopsis of what new findings and important breeding resources came from this work, 

and the future directions in understanding rice disease resistance. 
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Figure 1-1: Rice genomic locations of disease resistance QTL for three major rice diseases. 

The genomic positions for each QTL against M. oryzae (blue), X. oryzae pv. oryzae (orange), 
and R. solani (green) are shown as vertical bars to the right of each respective chromosome.  
Centromeres are shown as white circles on each grey chromosome. 
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Figure 1-2: Disease resistance QTL enrichment analysis using chromosomal bins. 

Each chromosome was separated into bins of size 3.1Mb, and the relative frequency of QTL was 
calculated using the given formula (black bars).  The total chromosomal QTL frequency is 
shown as the height of the red shaded area, and was calculated given the equation below.  Both 
BinQTL and ChrQTL were calculated as the total number of nucleotide coverage for every QTL 
within the bin.  Some bins show high percentage frequency, yet none show statistical 
enrichment.   
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Chapter 2:  Rice phenylalanine ammonia-lyase gene 

OsPAL4 is associated with broad spectrum disease 

resistance 

 

 

 

Introduction 

Much of the world depends on rice (Oryza sativa) as a primary food source, but 

sustaining this high demand can be challenging for growers because rice yields can be reduced 

on an average of 37% due to the effects of pathogens and pests (Savary et al., 2011).  Thus, 

understanding the molecular mechanisms underlying rice disease resistance is critical to maintain 

high production levels.  

Higher plants defend themselves against pathogens through diverse responses.  One type 

of defense, Effector Triggered Immunity (ETI), is facilitated by disease resistance (R) proteins 

that are involved in detection of specific pathogen effector proteins (Gassmann & Bhattacharjee, 

2012). This type of resistance is often overcome by rapidly evolving virulent pathogen 

populations due to high selective pressures placed on the pathogen from a single host gene 

(Ballini et al., 2008).  Conversely, a second type of resistance, called Pattern Triggered Immunity 

(PTI), is activated after the recognition of a conserved feature of the invading pathogen, called a 

Pathogen Associated Molecular Pattern or PAMP (Jones and Dangl, 2006; Chisholm et al., 

2006).  PTI is a form of basal resistance, and is thought to be longer lasting across plant 

generations because it recognizes highly conserved pathogen features and involves a multigenic 

response, thus diffusing the selective pressure on pathogens (Boyd et al. 2013).  Basal resistance 
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is mediated by enzymes and other proteins encoded by defense response (DR) genes that can co-

localize within Quantitative Trait Loci (QTL), which are genomic regions associated with a 

resistant interaction (Boyd et al., 2013; Kim et al., 2014).  Understanding the genetic 

mechanisms of QTL-based resistance will help to improve molecular marker-assisted breeding 

approaches. 

Increasing evidence supports the role of DR genes in long-lasting and broad-spectrum 

resistance associated with QTL.  Several mapping studies in rice using molecular markers have 

shown that a variety of DR genes co-localize with QTL that confer resistance against fungal 

diseases (Magnoporthe oryzae: rice blast and Rhizoctonia solani: sheath blight), bacterial disease 

(Xanthomonas oryzae pv. oryzae: bacterial blight), and brown plant hopper (Wang et al., 1994; 

Ramalingam et al., 2003; Wu et al., 2004; Liu et al., 2004; Kou and Wang, 2010). Furthermore, 

accumulation of genomic regions with QTL containing candidate DR genes has been used as a 

strategy to improve disease resistance.  Marker-assisted selection for five QTL that contain 

candidate DR genes was used to demonstrate that rice lines containing more effective DR genes 

were more resistant to rice blast than lines with fewer effective genes (Liu et al., 2004; 

Manosalva et al., 2009). 

DR genes have a direct effect on host resistance.  An RNAi silencing approach was used 

to evaluate the contributions of one group of DR gene candidates, a family of 12 genes encoding 

germin-like proteins (OsGLP) associated with a QTL on chromosome 8 (Manosalva et al., 2009).  

Increased silencing of OsGLP members correlated with enhanced susceptibility to two important 

and distinct rice pathogens, M. oryzae and R. solani. These experiments provide strong evidence 

of the direct contribution that DR genes such as the OsGLPs have on QTL-governed resistance. 
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Other candidate DR genes include the phenylalanine ammonia-lyase (PAL) gene family.  

PAL is a conserved homotetrameric protein that is a key enzyme in the phenylpropanoid 

pathway of higher plants (Bowles, 1990; Bate et al., 1994; Reichert et al., 2009; Rawal et al., 

2013).  Products of this biochemical pathway, which include soluble phenolics, flavonoids and 

lignin, are key contributors to disease resistance (La Camera et al., 2004; Vogt, 2010).  Enhanced 

deposition of lignin can reinforce the plant cell wall providing a structural barrier to pathogen 

spread, and the toxic phenolic precursors produced during lignin biosynthesis or polymerization 

can directly inhibit pathogen multiplication and movement (Venere, 1980; Ride, 1983; Reimers 

and Leach, 1991; Naoumkina et al., 2010).  PAL is also a key enzyme for biosynthesis of 

salicylic acid (SA), a plant hormone required to initiate systemic acquired resistance (SAR) in 

plants (Lee et al., 1995; Mauch-Mani and Slusarenko, 1996; Coquoz et al., 1998; Achnine et al., 

2004; Beckers and Spoel, 2006; Gruner et al., 2013; Malamy et al., 2014). In rice, PAL genes are 

activated during both PTI and ETI, and PAL mRNA accumulation and enzyme activity is 

induced by diverse types of rice pathogens (Cramer et al., 1985; Becker-Andre et al., 1991; Joos 

and Hahlbrock, 1992; Logemann et al., 1995; Shiraishi et al., 1995; Cui et al., 1996; Sana et al., 

2010; Giberti et al., 2012; Gupta et al., 2012; Li et al., 2013).  Although multiple rice PALs 

(OsPALs) are known to exist, little is known about which, if any, contribute to resistance and the 

relative contributions of each.    

Our interest is to determine the roles of the OsPAL gene family in QTL-based resistance 

in rice.  An in silico analysis revealed nine closely related OsPAL loci within the rice genome, 

their colocalization with resistance QTL from multiple studies, and the changes in OsPAL gene 

expression levels across disease pressures and tissue types.  We screened an IR64 mutant 

collection for deletions in members of the OsPAL gene family using a PCR-based screening 
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strategy with pooled mutant DNA. We identified one rice mutant line (ospal4) that harbors a 

deletion in the OsPAL4 gene associated with increased susceptibility to three distinct pathogens, 

X. oryzae pv. oryzae, R. solani and M. oryzae.  The mutation also affects basal expression levels 

of other OsPAL gene family members in rice seedlings.  Our data suggest that OsPAL4 

contributes to broad spectrum resistance controlled by disease resistance QTL on chromosome 2 

in rice.  

 

Results   

Analysis of the OsPAL gene family 

Nine OsPAL gene family members were predicted using the MSU version 7 Nipponbare 

reference genome database (Table 2-1).  Predicted gene sizes ranged from 2,400-4,005 

nucleotides, and predicted proteins ranged from 690-718 amino acids.  Four genes (OsPAL1, 2, 

3, and 4) are clustered on rice chromosome 2.  Two of these genes (OsPAL1, 2) have several 

alternatively-spliced forms as documented in the MSU rice annotation database (Ouyang et al., 

2007).  Two OsPAL genes are arranged in tandem on chromosome 4 (OsPAL5, 6), and single 

genes are found on chromosomes 5 (OsPAL7), 11 (OsPAL8), and 12 (OsPAL9).   Most of the 

gene models have two exons and one intron, with the exception of genes OsPAL3 and OsPAL7, 

which each contain one exon (Figure 2-1).  

Phylogenetic reconstruction using the unrooted neighbor-joining method revealed 

sequence identity and evolutionary relationships among all the OsPAL family of proteins (Figure 

2-2).  Genomic DNA sequence identities among the nine members ranged from 36% to 92%, and 

amino acid sequence identity ranged from 68% to 95%.  OsPAL gene members group into three 

major clusters.  One cluster contains the most closely related among the nine members, OsPAL8 
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and OsPAL9, which share 95% amino acid identity.  The second cluster held OsPAL1 and 

OsPAL5, which share 87% identity in predicted amino acid sequences.  Genes that showed 

divergence from the other two groups included five gene family members, OsPAL2, 3, 4, 6, and 

7.  Three closely related members of this group OsPAL3, 4 and 7, share from 89% to 94% amino 

acid sequence identity.  The predicted OsPAL genes are orthologous between the japonica cv. 

Nipponbare and the recently assembled IR64 genome (Schatz et al., 2014) except for OsPAL8 

and OsPAL9, which are not present in the IR64 genome.  

Expression of the OsPAL genes in various tissues and treatments show similarities and 

differences among the paralogs.  OsPAL4, OsPAL1, OsPAL5, and OsPAL2 all show similar 

expression patterns across different tissues (Figure 2-2).  Most OsPAL genes are up-regulated 

during resistant interactions with X. oryzae, M. oryzae and R. solani (Figure 2-2).  

The phylogenetic relationships among PAL genes across species were analyzed using 

amino acid sequence homologs in rice (www.rice.plantbiology.msu.edu), barley 

(mips.helmholtz-muenchen.de/plant/barley), and Arabidopsis thaliana (www.arabidopsis.org) 

(Figure 2-3).  PAL within the dicot Arabidopsis are diverged from monocots, with all four PAL 

proteins forming their own clade.  OsPAL8 and OsPAL9 are highly dissimilar from any barley or 

Arabidopsis PAL.  Only the OsPAL1 and OsPAL5 proteins formed a clade with a single barley 

PAL; the remaining rice and barley PAL formed a large group.  Interestingly, the relationships of 

the genes encoding OsPAL were not predictable from their chromosomal positions since 

OsPAL1 (chromosome 2) and OsPAL5 (chromosome 4) were more similar to each other than 

they were to the other closely linked genes on the same chromosomes.  
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OsPAL gene family members co-localize with disease resistance QTL 

QTL data were mined from public databases and were mapped to the Nipponbare 

reference genome.  Each of the nine OsPAL gene family members resides within multiple 

resistance-associated QTL, aside from OsPAL8 and OsPAL9, which were not in any of the 

queried regions (Figure 2-4).  Physical positions of each QTL identified are given in Table S1. 

OsPAL1, OsPAL2, OsPAL3 and OsPAL4 are within three resistance-associated QTL for sheath 

blight, qSB-2 (Pinson et al., 2005), qSBR2-2 (Fu et al., 2011), QSbr2a (Wang et al., 2001) and 

one for bacterial blight (Xoo) qBbr2a (Zhou et al., 2012).  OsPAL5 and OsPAL6 are within one 

QTL for bacterial blight, qBbr4b (Zhou et al., 2012), and one QTL for resistance to rice blast, 

CQAC2 (Fukuoka & Okuno, 2001).  OsPAL7 is located inside two QTL for rice blast resistance, 

AQEN004 (Wang et al., 1994) and qNBL-5 (Bagali et al., 1998) as well as one QTL for 

resistance to bacterial blight, qBbr5 (Chen et al., 2012).  OsPAL9 is within two QTL; one for 

bacterial blight, AQBT030 (Li et al., 1999) and one for rice blast, qDLA-12-3 (Bagali et al., 

1998).  The QTL loci localized on the chromosome 12 region associated with OsPAL9 were 

identified in studies using indica cultivars as the resistant parent, yet, indica cultivars do not 

contain OsPAL9 (Figure 2-4).  Therefore, OsPAL9 is not associated with any resistance QTL. 

 

Identification and characterization of the ospal4 mutant 

An ospal mutant was identified using a PCR-based DNA pooling screen of rice mutants 

generated by DEB mutagenesis using OsPAL gene family primers (Table 2-3).  Amplification 

revealed polymorphisms in an OsPAL gene in super-pool #17 (Figure 2-5a).  Amplification of 

the 10-line pools that correspond to super-pool 17 identified a single mutant line, 1982, that 

contained the variant 200 bp fragment (Figure 2-5a).  Both wild type and mutant fragments were 
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amplified from line 1982, suggesting either that the mutant line is heterozygous for the deleted 

allele or that the wild type fragment corresponds to other OsPAL genes amplified with the gene-

family primers.  A second fragment larger than the 200 bp fragment that resolved in the gels was 

likely an artifact of secondary structure formation of the amplicon, because sequence analysis 

showed it was identical to the 200 bp band.  The IR64 background of the ospal mutant line 1982 

was confirmed by genotyping with several simple sequence repeat (SSR) markers (data not 

shown). 

 

Characterization of the mutation at the OsPAL4 locus 

Sequence of 200 bp mutant amplicons revealed a gene fragment similar to the second 

exon of OsPAL4, but with a deletion between nucleotides 889 and 1,639 of OsPAL4 (Figure 2-

5b).  To confirm that only OsPAL4 was mutated in line 1982, we used primers specific to each 

member of the OsPAL gene family (Table 2-3) to amplify wild type and variant fragments after 

amplification with the OsPAL gene family primers (Figure 2-6).  Only the OsPAL4 gene-specific 

primers amplified a 200 bp mutant fragment (Figure 2-6).  These primers also amplified a wild 

type-sized fragment (Figure 2-6).  Relative to the other family members, both the mutant and 

wild type amplicons showed highest similarity to OsPAL4 from Nipponbare (LOC_Os02g41680) 

(Figure 2-7).  

No gross morphological differences were observed between the ospal4 mutant lines and 

the wild type OsPAL4 segregant lines.  However, the ospal4 mutant lines showed not only low 

seed germination but also low seed production as indicated by poor grain filling and seed 

abortion in the inflorescences of the rice mutant lines, compared with the wild type lines or 

mutant segregants containing the wild type OsPAL4 allele.  
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Genetic segregation of the ospal4 mutation 

To understand the inheritance of the ospal4 mutation, we determined the segregation of 

the mutation in 91, 122, and 52 individual progeny of the M3, M4, and M5 generations, 

respectively, using gene specific primers corresponding to the OsPAL4 gene member.  In the 

segregation analysis, we only saw progeny with the smaller fragment of the mutant allele and the 

entire OsPAL4 gene.  If the mutant gene is derived from the OsPAL4 gene, one quarter of the 

progeny would have been expected to not carry the wild type OsPAL4 gene, unless homozygotes 

for the mutant allele are lethal.  In either case, the transmission, or homozygosity of the mutant 

gene in the progeny appears to be selected against.  Three quarters of the progeny would be 

expected to carry at least one copy of the mutant allele in progeny of these families and a large 

deficiency was observed in each generation (Table 2-4). 

To confirm that no individuals homozygous for the OsPAL4 mutation could be obtained, 

we followed segregation of the mutants in M4 and M5 generations.  Ten individuals from the M3 

progeny were examined from each of 20 M3 plants that were presumed to be heterozygous for 

the variant allele.  We also selected 10 lines from the progeny of 20 M3 plants that did not have 

the variant allele.  DNA was extracted from these progeny and amplified fragment sizes were 

examined.  Each of the 20 M3 lines presumed to be heterozygous segregated the variant allele 

among their progeny, but the variant band was not observed in all of the individual progeny.  On 

the other hand, progeny from the 20 M3 lines without the variant allele never showed the 200 bp 

band.  Similar results were obtained in the progeny of the following M5 generation.  The 

inability to identify individuals homozygous for the variant allele and the deviation from a 3:1 

segregation ratio indicate that the variant allele either has poor transmission through the male or 

female gametes or that homozygous progeny are inviable. 
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Reciprocal crosses between an M4 heterozygous ospal4 mutant line and wild type IR64 

resulted in 23 progeny with IR64 as the female parent and 10 progeny with ospal4 mutant as the 

female parent.  All of these germinated, however, two of the progeny from the ospal4 female 

parent lines failed to grow (20%) along with one of the IR64 female parent lines (4.4%). Of the 

remaining lines, seven of the eight ospal4 female parent progeny contained one copy of the 

mutant allele as did 11 of 20 lines tested from the IR64 female parent progeny.  The results 

demonstrate transmission of the mutant allele through both types of gametes.  The inflorescence 

of the rice ospal4 mutant and the F1 progeny between the mutant line and IR64 all exhibited seed 

abortion (less grains filled in the inflorescence), supporting the hypothesis of lethality associated 

with a homozygous ospal4 mutation. Further investigation is needed to determine why this 

phenomenon occurs.  

 

Differential expression of OsPAL genes in ospal4 mutant seedlings 

To understand the effect of OsPAL4 mutation on the activity of other OsPAL gene 

homologs, expression analysis was performed on two-week-old rice plants containing the 

heterozygous ospal4 mutation and compared to a WT segregant of the F1 IR64 x ospal4 cross 

not containing the deletion in OsPAL4.  Differential expression in the mutant relative to WT was 

measured by quantitative real-time PCR (qPCR) on the genes, OsPAL4 (LOC_Os02g41680), 

OsPAL2 (LOC_Os02g41650), OsPAL6 (LOC_Os04g43800), and OsPAL7 (LOC_Os05g35290) 

(Figure 2-8).  A greater than two-fold drop in expression was exhibited in the ospal4 mutant, as 

expected due to the loss-of-function mutation in one allele for the gene.  Interestingly, OsPAL2 

showed increased expression in ospal4 plants, whereas OsPAL6 displayed lower relative 

transcript abundance in the mutant compared to WT seedlings. OsPAL7 showed no change in 
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expression.  These results infer an association between a loss of OsPAL4 transcript abundance to 

the altered regulation of other members of the OsPAL gene family.   

 

Response of ospal4 to bacterial blight and sheath blight disease 

Considering that PAL genes are involved in plant defense in several pathosystems, and 

that OsPAL4 co-localized with bacterial blight and sheath blight disease resistance QTL (Figure 

2-4), we tested whether the heterozygous ospal4 rice mutant lines were more susceptible to a 

virulent strain of X. oryzae pv. oryzae (PXO339).  In three screens, individual plants (M3, M4, 

and M5) were genotyped for the presence of the mutation in OsPAL4, and grouped into two 

groups, those with (ospal4 mutants) and without the altered gene fragment (OsPAL4 segregant). 

In all three generations, the group with the mutant ospal4 showed a higher level of susceptibility 

to X. oryzae pv. oryzae PXO339 than those with only wild type fragments (Figure 2-9).  Because 

OsPAL4 was also associated with chromosome 2 QTL for sheath blight resistance, we inoculated 

the M5 progeny with R. solani.  The ospal4 mutants exhibited more disease than the wild type 

segregants (P<0.0001) (Figure 2-9).   

 

Response of the F1 to bacterial blight and rice blast disease 

Our in silico analysis of previous transcriptome studies indicated that OsPAL6 is up-

regulated during a resistant interaction with rice blast along with bacterial blight and sheath 

blight (Figure 2-2), and that it resides within rice blast QTL (Figure 2-4).  Thus, we asked if the 

ospal4 mutant was more or less susceptible to rice blast.  The F1 generation from a cross 

between wild type IR64 and a heterozygous M5 ospal4 mutant were inoculated with the bacterial 

blight pathogen, X. oryzae pv. oryzae (PXO339) and the rice blast pathogen, M. oryzae (P06-6).  
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The ospal4 mutants were more susceptible to both pathogens relative to the wild type segregants, 

confirming that ospal4 is more susceptible to bacterial blight, and suggesting that the ospal4 

mutant negatively affects disease resistance through changes in expression of other OsPAL 

genes, including OsPAL6 (Figure 2-10).  

 

Discussion 

We present evidence that phenylalanine ammonia-lyase genes, and in particular, 

OsPAL4, are involved in rice defense responses.  Meta-analysis of previous transcriptome studies 

shows increased expression of OsPAL4 and several other OsPAL family members during 

resistance to diverse pathogens (Figure 2-2).  In addition, seven of the OsPAL family members, 

including OsPAL4, co-localize with multiple disease resistance QTL in rice (Figure 2-4).  

Furthermore, a rice mutant containing a deletion in the OsPAL4 gene was more susceptible to 

rice bacterial blight, blast and sheath blight diseases.  Our findings are consistent with previous 

results from multiple pathosystems that implicate PAL in induced plant defense responses 

(Hahlbrock and Scheel, 1989; Zhu et al., 1995; Tanaka et al., 2003; Zhu et al., 2004; Naoumkina 

et al., 2010; Sana et al., 2010; Giberti et al., 2012; Gupta et al., 2012; Li et al., 2013; Zhang et al., 

2013; Kim and Hwang, 2014; Riaz et al., 2014; Bhat et al., 2014).  

OsPAL4 and multiple members of the OsPAL gene family could contribute to resistance 

differently, depending on the type of disease.  Each OsPAL locus (with the exception of OsPAL8 

and OsPAL9) is found within disease resistance QTL for at least two different diseases (Figure 2-

4).  Six OsPAL genes contained in clusters on chromosomes 2 (OsPAL1-OsPAL4) and 4 

(OsPAL5-OsPAL6) are located within QTL for resistance to bacterial blight (Figure 2-4). The 

only OsPAL genes associated with sheath blight QTL include OsPAL1-OsPAL4, which are 
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clustered on chromosome 2.  Our demonstration that a mutation of OsPAL4 enhances 

susceptibility to sheath blight and bacterial blight provides evidence that at least this family 

member contributes to QTL-governed resistance on chromosome 2.  Because enhanced basal 

expression of OsPAL2 (Figure 2-8), a physical neighbor of OsPAL4, did not compensate for the 

loss of disease resistance in the ospal4 mutant, we conclude that OsPAL2 is not a direct 

contributor to disease resistance governed by the chromosome 2 QTL.  Alternatively, the 

increased susceptibility in the ospal4 line may have been due to down-regulation of OsPAL6 in 

the ospal4 mutant lines (Figure 2-8).  Since OsPAL6, not OsPAL4, co-localizes with a blast 

resistance QTL, the decrease in OsPAL6 expression may have caused susceptibility to this 

particular disease.  Conclusions made on the roles of OsPAL4, OsPAL6, and OsPAL2 in 

resistance are summarized in Table 2-5.  These examples suggest that a specialization of OsPAL 

genes on different chromosomes could yield genes more effective towards certain pathogens.  

Evolutionary divergence in the PAL gene family was observed across plant species.  The 

organization of rice OsPAL gene clusters on chromosomes 2 and 4 is consistent with the 

organization of similar PAL gene members on chromosomes of potato (Trognitz et al., 2002), 

wheat (Liao et al., 1996) and cucumber (Shang et al., 2012).  Phylogenetic analysis shows that 

barley PAL proteins are organized into multiple groups similar to rice OsPALs, suggesting that 

some of the gene duplication events at these loci predate the divergence of clades containing 

these two monocots, but after monocots diverged from dicots (Figure 2-3). There may also be a 

mutational bias in the genomic regions containing these gene clusters, meaning that these 

duplication events were the result of parallel evolution after divergence of rice and barley (Stern, 

2013).  The patterns of similarities between the rice genes suggest that an ancestral OsPAL gene 

was duplicated and the two members diverged before a second duplication event gave rise to the 
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clusters of adjacent genes on chromosomes 2 and 4.  The OsPAL4 gene (chromosome 2) was 

more similar to the OsPAL5 gene (chromosome 4) than it was to the other members in the 

chromosome 2 gene cluster.  Such gene duplication can be a major driving force for recruitment 

of genes for secondary metabolism (Rensing, 2014), where gene copies are gradually modified to 

create genes with new specificities and expression patterns adapted to the needs of the pathway 

in which they are involved. The modifications among these highly conserved duplications may 

reflect differences in regulation (promoter), subcellular localization, enzyme properties, and even 

feedback mechanisms.  These modifications could explain the changes in expression patterns of 

other OsPAL gene family members that occur in ospal4 mutant (Figure 2-8).  Regulation of 

OsPAL genes could be due to feedback from transcriptional patterns of other gene family 

members across the genome.  

Increased disease susceptibility in the ospal4 mutant may be due to pleiotropic effects 

involving genes outside of the phenylpropanoid pathway.  Using transcript-profiling approaches, 

Rohde and coworkers (Rohde et al., 2004) demonstrated that a single PAL mutation profoundly 

affected the transcription of a plethora of genes outside of the phenylpropanoid pathway.  

Arabidopsis pal1, pal2, and pal1pal2 double mutants exhibited significant changes in 

transcription of genes that encode other enzymes of the phenylpropanoid pathway as well as 

enzymes in carbohydrate and amino acid metabolism, establishing a link between primary and 

secondary metabolism.  Components of most of the pathways altered in these Arabidopsis pal 

mutants were previously described for their responsiveness to pathogen attack or elicitor 

activation (Sommssich & Hahlbrock, 1998).  Tobacco lines epigenetically suppressed for PAL 

exhibited reduced PAL activity and increased susceptibility to virulent Cercospora nicotinae as 

well as to avirulent Tobacco Mosaic Virus (TMV), and those plants were also impaired in 
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systemic acquired resistance induction due to reduced salicylic acid (Maher et al., 1994; Pallas et 

al., 1996).  Plant responses to pathogens are complex and multifaceted, and a mutation in 

OsPAL4 could disrupt defense responses both within and outside the phenylpropanoid pathway.  

The enzyme PAL functions as a homotetramer with four subunits (Ritter and Schulz, 

2004; Calabrese et al., 2004; Moffitt et al., 2007).  In wheat, the enzyme is made up of two pairs 

of different subunits, two subunits with a molecular weight of 75 kDa and two subunits of 80 

kDa, suggesting that wheat PAL proteins are derived from at least two structural genes (Havir & 

Hanson, 1973).  Logeman et al., (1995) suggested the possibility that PAL functions as part of a 

multi-enzyme complex formed by three enzymes from the phenylpropanoid pathway (Logemann 

et al., 1995).  Supporting this hypothesis, Harvis and Hanson (1973) described the formation of 

high molecular weight aggregates of PAL enzyme with other proteins in mustard seedlings in 

vitro.  Sarma and Sharma (1999) demonstrated that only one isoform of OsPAL was found both 

during and after UV-B induction of OsPAL in rice seedlings, although it is not clear which 

gene(s) gave rise to the monomer (Sarma & Sharma, 1999).  The recent solving of the crystal 

structure of PAL in parsley, yeast and cyanobacteria revealed that the enzyme is highly 

conserved among these species (Ritter and Schulz, 2004; Calabrese et al., 2004; Moffitt et al., 

2007).  The OsPAL4 gene deletion spans ~750 bp, which results in deletion of most of the 

second exon, and likely abolishes the function of the encoded OsPAL4 enzyme.  Subunits 

transcribed from normal copies of the OsPAL4 gene in the heterozygous mutant lines could 

associate to form an active homotetramer.  Subunits encoded from mutant alleles, however, 

might form truncated, non-functional units, if they are able to be transcribed.  If these subunits 

associate with each other they would form non-functional tetramers.  Heterozygous progeny 

would have both normal and mutant subunits. Tetramers formed between these normal and 
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mutant subunits may or may not have activity.  However, because disease susceptibility 

increased in the ospal4 mutant line, it is likely that enzyme activity was significantly impaired. 

The importance of understanding PAL and the phenylpropanoid pathway applies to the 

field of biotechnology as well as pathology.  Lignin biosynthesis is catalyzed by PAL and 

therefore, the PAL gene is a desirable bioenergy target for optimizing downstream processing of 

biomass (Boerjan et al., 2003; Vanholme et al., 2012; Craven-Bartle et al., 2013).  High lignin 

content is preferred for thermochemical conversion, while low lignin content is more 

advantageous for enzymatic approaches targeting cellulose embedded in the cell wall matrix 

(Tanger et al., 2013).  Reduced lignin content, perhaps due to altered PAL expression, could 

minimize the need for acid pretreatment of feedstocks (Chen et al., 2006; Chen and Dixon, 

2007).  

The ospal4 mutant identified in this study will provide important insights into rice 

primary and secondary metabolism and stress responses.  Further characterization of the rice 

mutation, including inheritance analysis, histochemical studies, complementation studies, and 

responses against other rice pathogens such as brown leaf spot (Bipolaris oryzae) or bacterial 

leaf streak (X. oryzae pv. oryzicola) could help to further elucidate the broad effects of OsPAL4 

in the plant defense response. 

 

Materials and Methods  

OsPAL sequence analysis and primer design 

Sequences corresponding to OsPAL genes were obtained from the MSU Rice Genome 

Annotation Project release 7 (Ouyang et al., 2007) by searching the gene annotation field using 

the keywords “phenylalanine ammonia lyase”.  Primers were designed manually, and primer 
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properties were analyzed using IDT’s Oligo Analyzer 3.0 using default settings.  Primer 

specificity was verified by performing blastn (www.ncbi.nlm.nih.gov) analyses of the primer 

sequences against the MSU release 7.0 rice genome database.  Phylogenetic analysis was 

performed using the program MEGA6 on alignments of amino acid sequences from MSU 7.0 

polypeptide predictions using ClustalW with a Neighbor-Joining method (Saitou and Nei, 1987; 

Tamura et al., 2013).  Bootstrapping values (1,000 replicates) were computed (Felsenstein, 1985) 

and evolutionary distances were found using the Poisson correction method (Zuckerlandl & 

Pauling, 1965).  Expression data to assess tissue and disease-specific expression of the OsPAL 

gene family was mined from the NCBI Sequence Read Archive (www.ncbi.nlm.nih.gov/sra), the 

MSU digital gene expression library (www.rice.plantbiology.msu.edu), the NCBI Gene 

Expression Omnibus (www.ncbi.nlm.nih.gov), and from a rice transcriptome analysis after R. 

solani infection (data provided by Yulin Jia, USDA-ARS) (Venu et al., 2007).  OsPAL gene 

expression during susceptible and resistant interactions with X. oryzae pv. oryzae strain PXO99A 

and PXO99A (pavrXa7), respectively, at 24 h post infiltration, or untreated rice cultivar IRBB61 

(contains resistance gene Xa7) was extracted from RNASeq data from duplicate samples (Leach, 

unpublished).  Raw transcript reads were normalized and expressed as reads per kilobase per 

million reads using Cufflinks v2.0.2 (Trapnell et al., 2010) with default settings.  This 

normalization allowed for comparison between the inoculated and untreated samples with log2 

fold change values. 

To identify associations of OsPAL gene family members with disease resistance QTL for 

sheath blight, rice blast and bacterial blight, marker data for QTL regions were obtained from 

GRAMENE and Q-TARO databases (www.gramene.org, release #39, qtaro.abr.affrc.go.jp), as 

well as recent literature (Table 2-2).  QTL positions in the rice Nipponbare reference genome 
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were located by mapping the marker sequences to the genome pseudomolecules using an 

electronic PCR approach (www.ncbi.nlm.nih.gov/tools/epcr/; max indels=4, max mismatches=5, 

word size=10) and a custom python script (Schuler, 1997). 

 

Plant material and OsPAL4 mutant discovery 

Rice deletion mutants were generated by the International Rice Research Institute using 

the IR64 cultivar and diepoxybutane (DEB) as the mutagen as described (Wu et al., 2005).  The 

same IR64 seed stock was used as a wild type control in all experiments.  The OsPAL mutant 

was discovered using a PCR-based gDNA pooling strategy (Figure 2-11).  Genomic DNA for 

pooling was extracted from rice leaves using a modified hexadecetyltrimethylammonium 

bromide (CTAB) procedure (Saghai-Maroof et al., 1984), and was quantified by UV absorbance 

using a NanoDrop ND-1000 spectrophotometer (Rockland, DE, USA). 

Prior to PCR screening, to optimize the DNA pool size for detection of mutant amplicons 

among wild-type amplicons, we performed a reconstruction experiment using a natural deletion 

in the Xa21 gene in rice line IR24 (gift from Guo-Liang Wang, Ohio State University).  In those 

experiments, the 135 bp Xa21 deletion was clearly detected up to a template DNA dilution of 

1:200 (Figure 2-12).  Based on this data, we organized two levels of gDNA pools for each of 

3,000 DEB-mutagenized lines, a pool of 10 lines (10-line-pool) and a pool of 100 lines (super-

pools).  In this strategy, gDNA from each line was included in the 10 line pool and the 100 line 

pool. 

Primers that correspond to highly conserved regions among OsPAL gene family members 

(PAL-F and PAL-R, Table 2-3) were used to screen all DEB-mutants. PCR reactions used 

HotStar Taq DNA polymerase (Qiagen, Valencia, CA, USA), and resulting amplicons were 
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separated in 4% polyacrylamide-7.5M urea gels and visualized by silver staining.  When putative 

mutant amplicons, i.e., those that migrated further than the wild type amplicon, were detected in 

the products of a super-pool, the OsPAL gene family primers (PAL-F and PAL-R) were used to 

amplify the corresponding 10-line-pools.  Finally, once the deletion line was identified in the 10-

line-pool, PCR was performed on DNA from the 10 corresponding individual lines to identify 

the specific mutant line.   

To characterize the mutation, wild type and mutant bands detected with the OsPAL gene 

family primers (PAL-F and PAL-R) were excised from the polyacrylamide gel, and DNA was 

eluted by diffusion into 100 ul distilled water at 4oC overnight.  Using 10 ul of this solution as a 

template, the fragments were reamplified first with the OsPAL gene family primers.  The PCR 

products were separated in agarose and the fragments were excised from the gel and purified 

using QIAquick Gel Extraction Kit (Qiagen, Valencia, CA, USA).  These fragments were 

inserted in pCR 2.1-TOPO vector using the TOPO TA Cloning kit (Invitrogen, Carlsbad, CA, 

USA) and introduced in the TOP10 One Shot Chemically Competent Cells (Invitrogen, 

Carlsbad, CA, USA).  Plasmids from positive clones were sequenced. Sequences corresponding 

to the wild type and mutant fragment were aligned to determine the deletion junctions (Figure 2-

7).  In addition, gene specific forward primers for each of the nine OsPAL gene members 

predicted from the rice genome were designed in the most divergent regions (Table 2-3) and 

used with a common reverse primer (PAL-R) to amplify genomic DNA corresponding to four 

M4 non-mutant lines, two M4 mutant lines, and the IR64 control (Figure 2-6).  
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Segregation analysis and genetic crosses 

Production of M2 and M3 mutant seeds was as described (Wu et al., 2005); M4 and M5 

seed were derived from a single M3 and M4 line, respectively.  A total of 91 M3, 122 M4 and 84 

M5 progeny were genotyped by PCR amplification using OsPAL4-specific primers to determine 

the presence or absence of the ospal4 mutation.  PCR products were resolved in 4% 

polyacrylamide gel and visualized by silver staining.  Segregation ratio (3:1) was tested by Chi 

Square (X2) test (Table 2-4).  

Reciprocal genetic crosses were performed under greenhouse conditions between an 

ospal4 mutant line and cultivar IR64.  F1 plants were screened for the PAL mutation.  SSR 

markers (RM266, RM334, RM278, RM333, and RM224) (www.gramene.org, release #39) were 

used to confirm that the F1 plants were the IR64 background.  

 

Pathogen inoculations 

To determine if the ospal4 deletion affected bacterial blight resistance, 182 M3, 85 M4 

and 25 M5 progeny that had been genotyped to distinguish OsPAL4 segregant and ospal4 mutant 

lines, were inoculated with a virulent strain of X. oryzae pv. oryzae PXO339 in the greenhouse.  

The second youngest fully expanded leaf was inoculated with a bacterial suspension (5x109 

CFU/ml) using the leaf clipping method (Kauffman et al., 1973).  Disease was assessed at 2 wk 

after inoculation by measuring the lesion length.  To evaluate sheath blight resistance, 2-wk-old 

M5 plants were inoculated with R. solani RR0140-1, anastomosis group 2 (AG2) (Wamishe et 

al., 2007) following published methods (Jia et al., 2013).  After 7 days, lesion lengths were 

measured and disease index was calculated as lesion length divided by plant height multiplied by 
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100.  Differences between the test groups were analyzed using the Student’s t-test with an alpha 

of 0.05. 

The effect of the ospal4 deletion on resistance to bacterial blight and rice blast was tested 

in the F1 progeny of the IR64 X ospal4 backcross.  Plants were inoculated with X. oryzae pv. 

oryzae PXO339 as described above.  The F1 seedlings at the 4-leaf stage (2-wk-old) were 

inoculated with M. oryzae (P06-6) using the detached leaf assay (Jia et al., 2003).  Briefly, 

sections from the two youngest, fully expanded rice leaves were treated with either M. oryzae or 

a mock inoculum solution of 0.01% Tween-20.  Disease was assessed 10 days post-inoculation, 

using a visual index (Manosalva et al., 2009) that gave a combined score for relative lesion size 

and mycelia production on the leaf surface, with 0 being a resistant interaction, and 14 being a 

susceptible interaction.  Differences between the two test groups were analyzed using the 

Student’s t-test with an alpha of 0.05.  

 

Quantitative real time PCR (qPCR) of OsPAL gene family members 

Three ospal4 mutant lines backcrossed to IR64 were genotyped by collecting genomic 

DNA from 10 plants each and amplifying across the deleted region using primers PAL-F8 (5’ 

TAACGTTTACCTGGTCACTGC 3’) and PAL-R (5’ TTGACGTCCTGGTTGTGCTGC 3’) 

using Standard Taq polymerase (New England Biolabs, Ipswich, MA, USA).  Products were 

visualized in an Experion by automated electrophoresis in a 1 Kb DNA analysis chip (Figure 2-

13) (Bio-Rad, Hercules, CA, USA).  

RNA was extracted using the Spectrum Plant Total RNA Kit (Sigma Aldrich, St. Louis, 

MO, USA) according to manufacturer’s instructions.  RQ1 RNase-free DNase (Promega, 

Fitchburg, WI, USA) was added to RNA to remove genomic DNA at a proportion of 1 uL per ug 
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of RNA and incubated at 37°C for 30 min. RNA quality and purity were confirmed with gel 

electrophoresis and a NanoDrop ND-1000 spectrophotometer (ThermoScientific, Wilmington, 

DE, USA).  cDNA was synthesized using RNase-inhibiting iScript reverse transcriptase and a 

blend of oligo(dT) and random hexamer primers (Bio-Rad, Hercules, CA, USA) according to the 

manufacturer’s protocol.   

Relative quantification of transcripts in mutant ospal4 plants was conducted using the 

BioRad iCycler IQ multicolor Real-Time PCR detection system.  The reaction was carried out 

using the SsoAdvanced SYBR Green Supermix (Bio-Rad, Hercules, CA, USA).  Three 

biological replications of the calibrator (wild type plants) and test samples (plants of the same 

ospal4 mutant line) as well as three technical replicates of each sample were performed for each 

assay.  Gene primers were designed specifically for qPCR (Table 2-6).  The housekeeping gene, 

EF-1α, was used to normalize the data qPCR (Jain et al., 2006).  Primer concentration (200 nM) 

and annealing temperatures (OsPAL4 - 53°C, OsPAL2 - 53°C, OsPAL6 - 55°C, OsPAL7 - 55°C , 

eEF-1α - 60°C) were optimized by conventional gradient PCR followed by agarose gel 

electrophoresis of products.  Cycle parameters for the reaction were 95°C for 2 min, followed by 

40 cycles of 95°C for 15 sec, and 53/55/60°C for 30 sec.  Melt curves were generated by 

increasing the temperature by 0.5°C in 10 sec increments for 80 cycles, with the initial 

temperature at 53/55/60°C.  Standard curves were generated based on amplification of wild type 

(WT) cDNA dilution series for each primer set (OsPAL4, OsPAL2, OsPAL6, OsPAL7, EF-1α).  

Primers were only used if efficiencies were within the range of 95-105%.  Threshold values were 

calculated using a regression analysis for individual samples. Normalized absolute ∆∆Ct was 

calculated as an average of all biological replicates as well as individual plants separately.  
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Relative expression ratios were also calculated using the Pfaffl method, 2-∆∆Ct (Pfaffl, 2001).  P-

values were calculated using a Student’s two-sample t-test, alpha=0.05.   
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Table 2-1: OsPAL Characterization.  Nine OsPAL genes predicted in the rice genome and their 
corresponding MSU version 7.0 locus ID and chromosomal positions. 

 

Gene Locus ID Chromosomal position 
OsPAL1 LOC_Os02g41630 24973386 – 24977336 

OsPAL2 LOC_Os02g41650 24984871 – 24989388 

OsPAL3 LOC_Os02g41670 24992827 – 24995414 

OsPAL4 LOC_Os02g41680 25006467 – 25009121 

OsPAL5 LOC_Os04g43760 25906849 – 25910074 

OsPAL6 LOC_Os04g43800 25926988 – 25929732 

OsPAL7 LOC_Os05g35290 20953410 – 20955923 

OsPAL8 LOC_Os11g48110 29012490 – 29014744 

OsPAL9 LOC_Os12g33610 20292893 – 20295410 
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Table 2-2: Rice disease resistance QTL that co-localize with OsPAL genes. 

  

 

QTL name Chr Start Stop Pathogen 
Colocalized 

OsPALs 
Published study 

qBbr2a 2 19342016 25871437 X. oryzae OsPAL1-4 Zhou et al., 2012 

qBbr5 5 189782 24587132 X. oryzae OsPAL7 Chen et al., 2012 

qBbr4b 4 21414515 29054517 X. oryzae OsPAL5-6 Zhou et al., 2012 

AQEN004 5 6132827 21633475 M. oryzae OsPAL7 Wang et al., 1994 

CQAC2 4 22534597 34157504 M. oryzae OsPAL5-6 Fukuoka and Okuno, 2001 

qNBL-5 5 19607926 27183777 M. oryzae OsPAL7 Bagali et al., 1998 

qSBR2-2 2 1326946 31191246 R. solani OsPAL1-4 Fu et al., 2011 

QSbr2a 2 24571578 28695037 R. solani OsPAL1-4 Wang et al., 2001 

qSB-2 2 22599386 29824873 R. solani OsPAL1-4 Pinson et al., 2005 
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Table 2-3: OsPAL family and gene-specific primers. 

 

 

 

 

 

 

 

 

 

Primer name Gene Primer sequence 5' --> '3 Position Location Product size (bp) with PAL-R

PAL-R OsPAL TTGACGTCCTGGTTGTGCTGC N/A Exon N/A
PAL-F OsPAL AAGCTGCTCAACGCGAACG N/A Exon 931
F10 OsPAL6 TGCTGTTCGTCTGGTGAGAGC 556 Intron 1148
F12 OsPAL1 GTTTGGGCTGCAACTTGGCAG 1664 Intron 1199
F13 OsPAL5 CAACGGCTCCGATGGCAACTC 1285 5' 2nd exon 1052
F19 OsPAL3 GAACGGTCAGGTTGCTGCCGAT 154 5' 2nd exon 1460
F22 OsPAL7 CCGACGGCCACGTCC 566 Exon 1044
F24 OsPAL8 CGTACGTACTCGGCGACCTGTACGTGCCGC 1286 5' UTR 1658
F25 OsPAL2 AGTCGGCACGGCGGCAGTGTGTATGTAC 1905 Intron 1231
F8 OsPAL4 TAACGTTTACCTGGTCACTGC 558 Intron 1168
F15 OsPAL4 TCACACCGTGCCTGCCGCTCC 814 5' 2nd exon 912
F21 OsPAL4 TTCTCTCGACGCTTTCTGTGCTAGG 84 5' UTR 1500
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Table 2-4: Chi squared analysis of M3, M4, and M5 progeny of rice IR64 DEB mutant 

ospal4. 

 

 

  

M3 

Progeny 

M4 

Progeny 

M5 

Progeny 

Obs. Mutant gene 38 64 27 

Obs. No Mutant gene 53 54 25 

Total 91 118 52 

Exp. Mutant gene 68.25 88.5 39 

Exp. No Mutant gene 22.75 29.5 13 

X2 53.6 27.1 14.8 

P <.001 <.001 <.001 
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Table 2-5: Predicted roles of OsPAL2, OsPAL4, and OsPAL6 in disease resistance. 

 

aGene regulation in rice-pathogen resistant interactions is based on data in Fig. 2 is categorized 
with levels indicated as none (-), weak (+), and strong (+++).  

bExpression of the paralog in the ospal4 mutant is given as up- or down-regulated.  

cPredictions on the involvement of the three OsPAL genes in resistance are based on the above 
three criteria.   

 

 

 

 

 

 

 

 

 

 

 

 

OsPAL2 OsPAL4 OsPAL6 OsPAL2 OsPAL4 OsPAL6 OsPAL2 OsPAL4 OsPAL6

Co-localizes with 

disease resistance QTL
+ + + - - + + + +

Expression in resistant 

interactions
a + +++ +++ - - + + +++ +

Expression in ospal4 

mutant
b ↑ ↓ ↓ ↑ ↓ ↓ ↑ ↓ ↓

Putative role in 

resistance
c Low High High Low Low Good Low High Good

X. oryzae M. oryzae R. solani
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Table 2-6: OsPAL gene-specific primers used for quantitative real-time PCR of OsPAL 

genes. 

 

Gene Sequence (5’ – 3’) 

OsPAL2 
F – GCA TCA GCT TCC AAC TCG 

R – GGT TTC GCA CTC CAT TAC AGA 

OsPAL4  
F – CTT CAC AAC AGC TAA TCG AG 

R – CGC ACT CCA TTT CAG TAC CA 

OsPAL6 
F – AGA TTG AGG TCA TCC GTG 

R – GAA CAT GAG CTT ACC GAT C 

OsPAL7  
F – ATC GAC ATC CTC AAG CTC ATG 

R – AGT TGG TGC TCA GCG TCT TCT 

EF-1α  
F – TTT CAC TCT TGG TGT GAA GCA GAT 

R – GAC TTC CTT CAC GAT TTC ATC GTA A 
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Figure 2-1: Structures of rice phenylalanine ammonia-lyase (OsPAL) gene family members.  

Black boxes indicate exons, and single lines indicate introns.  The arrows represent positions of 
primers PAL-F and PAL-R (gene family specific primers) and their locations in the most highly 
conserved region among all OsPAL genes.  The expected amplicon size for most of the genes is 
923 bp; the exception is OsPAL8 with an amplicon size of 938 bp.  Lengths in bp of the 
predicted genes are shown at the right.  
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Figure 2-2: Phylogenetic relationships of Nipponbare OsPAL family of enzymes.  The tree is 
based on OsPAL amino acid sequences obtained from the MSU rice genome database vV.7.0 
and was constructed using an un-rooted neighbor-joining method.  Branch lengths are given on 
top of each branch and represent amino acid sequence divergence.  Bootstrapping values, based 
on 1,000 iterations, are shown underneath each branch in bold.  The first six columns of the gene 
expression heat map are based on RNA-seq experiments, with transcript presence (blue) and 
absence (grey) indicated. The different tissues are: mature pollen (‘Pollen’) (NCBI Acc: 
SRR074147), mature stigma and ovaries (‘Ovary’) (NCBI Acc: SRR074170), indica 9311 
seedling (‘I-Seedling’) (NCBI Acc: SRX016111), japonica Nipponbare seedling (‘J-Seedling’) 
(NCBI Acc: SRX016110), 60-day mature leaf (‘60-d Leaf’) (NCBI Acc: SRR074146), and 60-
day mature stem (’60-d Stem’) (NCBI Acc: SRR074151).  The last four columns are based on 
log base 2 fold-change values of treatment vs. mock leaf tissue, darker shades indicating 
relatively higher differential expression (green – “up”, red – “down”). The treatments are a 
resistant interaction with M. oryzae (‘Mo-Res’) (NCBI GEO Acc: GSE16470), a resistant 
interaction with X. oryzae pv. oryzae (PXO99A) (‘Xoo-Res’) (unpublished), a susceptible 
interaction with X. oryzae pv. oryzae (PXO99A) (‘Xoo-Susc’) (unpublished), and a resistant 
interaction with R. solani (‘Rs-Res’) (Venu et al., 2007). 
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Figure 2-3: Phylogenetic tree of PAL protein families in Arabidopsis thaliana, Hordeum 

vulgaris, and Oryza sativa.  The PAL amino acid sequence homologs from two cereals (rice and 
barely) and the dicot Arabidopsis were inferred using the Neighbor-Joining method.  The tree is 
drawn to scale, with the sum of branch length = 0.64.  The bootstrapping values, based on 1,000 
iterations, are shown below the branches. 
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Figure 2-4: Association of disease resistance QTL regions with OsPAL gene family loci.  
Relative chromosomal positioning of the OsPAL genes and the positions of disease resistance 
QTL are shown along each chromosome, scaled in megabases (references in Supplemental Table 
3).  Blue bars are different X. oryzae pv. oryzae resistance QTL, green bars are M. oryzae 
resistance QTL, and orange bars are R. solani resistance QTL. 
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Figure 2-5: Identification of a deletion in an OsPAL gene family member detected in rice 

DEB mutants.  (a) Amplification of 30 DEB 1:100 super-pools and IR64 (wild type) using the 
OsPAL gene family specific primers (PAL-F and PAL-R) detected polymorphisms in super-pool 
17. The wild type band (WT) OsPAL is 923 bp and the mutant bands (mt) are ~200 bp. 
Subsequent amplification of the 10-line pools corresponding to super-pool 17 is shown. Pool 169 
amplified the OsPAL4 mutant band. Amplifications of DNA from ten individual plants 
corresponding to the 10-line pool, 169, were analyzed by PCR. Individual mutant 1982 contained 
the variant bands.  (b) Model showing deleted region of OsPAL4. 
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Figure 2-6: PCR confirmation of the mutated OsPAL4 on chromosome 2.  PCR products 
using the OsPAL gene specific primers (Table 2-2) were separated in 4% polyacrylamide gels.  
Primers were used to amplify DNA from seven plants (for each primer set, lanes1 through 4 are 
wild type OsPAL4 segregants, lanes 5 and 6 are ospal4 mutants, and I is IR64).  Only the primers 
specific for the OsPAL4 (F21, F15, and F8) amplified the smaller fragment from the mutant 
plants (● in lanes 5 and 6 for each primer set), but not from the plants with wild type allele 
OsPAL4 (lanes 1-4 and IR64).  Primers designed to amplify the other OsPAL family members 
(F25, F24, F22, F19, F13, F12, and F10) did not detect deletions in any plant. The PCR product 
size of the wild type and the mutant bands are indicated in bp at the left. 
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CLUSTAL O (1.2.1) multiple sequence alignment 

 

 

Nipponbare      CTCAACGCGAACGTCACACCGTGCCTGCCGCTCCGGGGCACGATCACCGCCTCCGGTGAC 60 

IR64WT          CTCAACGCGAACGTCACACCGTGCCTGCCGCTCCGGGGCACGATCACCGCCTCCGGTGAC 60 

IR64mt          CTCAACGCGAACGTCACACCGTGCCTGCCGCTCCGGGGCACGATCACCGCCTCCGGTGAC 60 

                ************************************************************ 

 

Nipponbare      CTCGTCCCGCTGTCCTACATTGCCGGCCTTGTCACTGGGCGCGAGAACGCCGTGGCGGTT 120 

IR64WT          CTCGTCCCGCTGTCCTACATTGCCGGCCTTGTCACTGGGCGCGAGAACGCCGTGGCGGTT 120 

IR64mt          CCCGTCCCGCTGTCCTACACTGCCGGC--------------------------------- 87 

                * ***************** *******                                  

 

Nipponbare      GCACCAGATGGCAGCAAGGTGAACGCCGCTGAGGCGTTCAAGATTGCTGGCATCCAGGGC 180 

IR64WT          GCACCAGATGGCAGCAAGGTGAACGCCGCTGAGGCGTTCAAGATTGCTGGCATCCAGGGC 180 

IR64mt          ------------------------------------------------------------ 87 

                                                                             

 

Nipponbare      GGCTTCTTCGAGCTGCAGCCCAAGGAAGGCCTTGCCATGGTCAATGGCACTGCCGTGGGC 240 

IR64WT          GGCTTCTTCGAGCTGCAGCCCAAGGAAGGCCTTGCCATGGTCAATGGCACTGCCGTGGGC 240 

IR64mt          ------------------------------------------------------------ 87 

                                                                             

 

Nipponbare      TCTGGCCTTGCATCGACCGTGCTCTTTGAGGCTAACATTCTTGCCAT-CCTCGCCGAGGT 299 

IR64WT          TCTGGCCTTGCATCGACCGTGCTCTTTGAGGCTAACATTCTTGCCATTCCTCGCCGAGGT 300 

IR64mt          ------------------------------------------------------------ 87 

                                                                             

 

Nipponbare      CCTCTCGGCCGTGTTCTGCGAGGTGATGAACGGCAAGCCGGAGTACACCGACCACCTGAC 359 

IR64WT          CCTCTCGGCCGTGTTCTGCGAGGTGATGAACGGCAAGCCGGAGTACACCGACCACCTGAC 360 

IR64mt          ------------------------------------------------------------ 87 

                                                                             

 

Nipponbare      TCACAAGCTCAAGCACCATCCAGGACAGATCGAGGCCGCCGCCATCATGGAGCACATCTT 419 

IR64WT          TCACAAGCTCAAGCACCATCCAGGACAGATCGAGGCCGCCGCCATCATGGAGCACATCTT 420 

IR64mt          ------------------------------------------------------------ 87 

                                                                             

 

Nipponbare      GGAGGGAAGCTCCTACATGAAGCATGCCAAGAAGCTTGGTGAGCTCGACCCACTGATGAA 479 

IR64WT          GGAGGGAAGCTCCTACATGAAGCATGCCAAGAAGCTTGGTGAGCTCGACCCGTTGATGAA 480 

IR64mt          ------------------------------------------------------------ 87 

                                                                             

 

Nipponbare      GCCGAAGCAAGACCGGTACGCGCTCCGGACATCCCCACAGTGGCTCGGCCCTCAAATTGA 539 

IR64WT          GCCGAAGCAGGACAGGTACGCGCTCCGCACGTCGCCGCAGTGGCTCGGCCCACAGATCGA 540 

IR64mt          ------------------------------------------------------------ 87 

                                                                             

 

Nipponbare      GGTTATCCGCGCCGCCACCAAGTCCATCGAGCGTGAGATCAACTCCGTGAACGACAACCC 599 

IR64WT          GGTCATCCGCTTCGCCACCAAGTCGATCGAGCGCGAGATCAACTCCGTCAACGACAACCC 600 

IR64mt          ------------------------------------------------------------ 87 

                                                                             

 

Nipponbare      GCTCATCGACGTCTCCCGCGGCAAGGCGCTGCACGGTGGCAACTTCCAGGGCACGCCCAT 659 

IR64WT          GCTCATCGACGTCTCCCGCGGCAAGGCGCTGCACGGTGGCAACTTCCAGGGCACGCCCAT 660 

IR64mt          ------------------------------------------------------------ 87 

                                                                             

 

Nipponbare      CGGCGTGTCCATGGACAACACCCGCCTCGCCATCGCTGCCATCGGCAAGCTCATGTTCGC 719 

IR64WT          CGGCGTGTCCATGGACAACACCCGCCTCGCCATCGCTGCCATCGGCAAGCTCATGTTCGC 720 

IR64mt          ------------------------------------------------------------ 87 
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Nipponbare      GCAGTTCTCGGAGCTCGTGAACGACTTCTACAACAACGGCCTGCCATCCAACCTGTCTGG 779 

IR64WT          GCAGTTCTCGGAGCTCGTGAACGACTTCTACAACAACGGCCTGCCATCCAACCTGTCTGG 780 

IR64mt          ------------------------------------------------------------ 87 

                                                                             

 

Nipponbare      CGGTCGCAACCCGAGCTTGGACTACGGGTTCAAGGGCGCCGAGATCGCCATGGCCTCCTA 839 

IR64WT          CGGTCGCAACCCGAGCTTGGACTACGGGTTCAAGGGCGCCGAGATCGCCATGGCCTCCTA 840 

IR64mt          ----------------------------------------------------------CA 89 

                                                                           * 

 

Nipponbare      CTGCTCCGAGCTGCAGTTCTTGGGCAACCCAGTGACCAACCACGTCCAGAGCGCCGAGCA 899 

IR64WT          CTGCTCCGAGCTGCAGTTCTTGGGCAACCCAGTGACCAACCACGTCCAGAGCGCCGAGCA 900 

IR64mt          CTGCTCCGAGCTGCAGTTCTTGGGCAACCCAGTGACCAACCACGTCCAGAGCGCCGAGCA 149 

                ************************************************************ 

 

Nipponbare      GCACAACCAGGACG 913 

IR64WT          GCACAACCAGGACG 914 

IR64mt          GCACAACCAGGACG 163 

                ************** 

 
 
 
 
 

Figure 2-7: Characterization of the OsPAL deletion (Sequence alignment).  Multiple 
sequence alignment of wild type band (1982WT) and mutant band (1982Mt) with the predicted 
OsPAL gene family members from japonica and indica genomes.  The deletion was in gene 
family member OsPAL4. 
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Figure 2-8: Relative expression analysis of different OsPAL genes due to ospal4 mutation.  
Relative expression of other PAL gene family members in 14-day-old wild type and ospal4 
mutant IR64 rice leaves.  Relative transcript abundance was determined using the ∆Ct method 
(2CT(reference) – CT(target)) (Pfaffl, 2001). Asterisks indicate a statistically significant difference 
(Student’s t-test, p<0.05). 
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Figure 2-9: The ospal4 mutant exhibits enhanced susceptibility to the virulent strain of X. 

oryzae pv oryzae and R. solani.  182 M3 rice progeny of the heterozygous ospal4 mutant 1982 
rice line and 85 M4 progeny, and 25 M5 progeny were genotyped for the presence of the 
OsPAL4 deletion and grouped into two groups (OsPAL4 segregants and ospal4 mutants).  Those 
plants were inoculated with a virulent Xoo isolate PXO339. Plants were scored for disease 
(lesion length in cm).  Analysis was done using GLM procedure in SAS (P-values shown).  
Responses of M5 plants to R. solani are reported as Disease index (lesion length (cm) / plant 
height x 100) of plants at 14 days after inoculation with R. solani.  Bars represent SE +/- mean, n 
= 29; 18 WT segregants, 11 mutants (Student’s t-test, P<0.0001). 
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Figure 2-10: The OsPAL4 deletion is correlated with increased disease susceptibility to M. 

oryzae and X. oryzae pv. oryzae in the F1 (IR64 x ospal4) generation.  A) Lesion lengths (cm) 
after inoculation with X. oryzae pv. oryzae strain PXO339 (n = 28; 10 WT segregants, 18 
mutants).  Standard error bars shown (Student’s t-test, P<0.0001).  B) Lesion score of plants 
inoculated with M. oryzae (P06-6).  Disease was assayed 10 days post-inoculation (n = 23; 4 WT 
segregants, and 19 mutants).  Standard error bars shown (Student’s t-test, P=0.012).  
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Figure 2-11: Pooling and screening strategy: Flow chart of the pooling and PCR screening 
processes showing the steps from mutagenesis to the characterization of the gene deletion in the 
individual mutant line. The PCR-based screening strategy used for deletion mutants involved 
amplification of both the wild type and mutant gene, because the primer pair is specific to the 
targeted OsPAL4 locus. In a population of 3,000 DEB-induced rice deletion lines, we identified 
one OsPAL mutant. In rice where the mean size of genes is ~2.6 Kb, ~460,000 insertions are 
required for a 95% chance of mutating any gene (Hirochika et al.., 2004). This is approximately 
2.6 times more than the number of Arabidopsis insertions required to detect a mutated gene with 
the same probability. The estimation of the population size of rice DEB mutants in this study to 
detect deletions with a 95% or 99% probability is 2.6 times more than the population size of the 
Arabidopsis Fast Neutron (FN) mutants estimated for the same probabilities (Li et al.., 2001). 
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Figure 2-12: Reconstruction experiments using a natural 135 bp deletion in the Xa21 gene 

of rice line IR24.  (a) Wild type copy of the Xa21 gene present in IRBB21 rice line.  The gene is 
4623 bp long and has two exons indicated by the boxes.  The arrows show positions of the 
primers, the gray triangle indicates the position of the natural deletion in the IR24.  The distance 
between the two primers in the wild type is 1377 bp and in the mutant is 1242 bp.  (b) PCR was 
performed to determine the optimal pool size for the rice mutants.  Mutant DNA was pooled with 
wild type DNA solutions to generate pools with ratio of 1:10, 1:100, 1:200, and 1:1000 (mutant 
DNA:wild type DNA).  These DNA pools were used as a template for the PCR reaction (lanes 3-
7) together with IRBB21 (lane 1) and IR24 (lane 2) DNA.  PCR products were analyzed by 
agarose gel electrophoresis followed by ethidium bromide staining.  1Kb plus DNA ladder (M) 
was loaded in lane 8.  The IR24 mutant band was detected in all the pools through 1:200. 
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Figure 2-13: OsPAL4 PCR products resolved using a Bio-Rad Experion.  Ladder in lane L, 
wild type segregants in lanes 1 and 2 and a representative ospal4 mutant in lane 3 containing the 
400 bp diagnostic product.  Primers used were F8 and PAL-R (Table 2-3). 
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Chapter 3:  Shared cis-regulatory architecture across 

defense response genes predicts broad spectrum 

quantitative resistance in rice 

 

 

 

Introduction 

 Food security is now a greater issue across the world as the global population increases, 

arable farmland decreases, and staple food dependency continues to rise (FAO 2010).  Rice 

(Oryza sativa) feeds more than 60% of the world’s population (Sharma et al., 2012).  Thus, 

assuring stability of this crop requires attention to factors that hinder plant growth and health, 

such as diseases.  Depending upon environmental conditions, the three main diseases of rice, 

Magnaporthe oryzae, Rhizoctonia solani, and Xanthomonas oryzae pv. oryzae can cause up to 

30%, 25%, and 70% yield loss, respectively (Banniza & Holderness, 2001; Chen et al., 2006; 

Goto, 1992; Jia et al., 2013; Reddy, 1979; Liu et al., 2010; Ou, 1985).  Identifying and 

understanding the genetic and molecular mechanisms of rice defense against these pathogens are 

important steps in the development of durable varieties. 

 Plant-microbe interactions occur through a two-tiered response system, starting with 

plant cell recognition of conserved Pathogen-Associated Molecular Patterns (PAMPs) by cell 

surface receptors known as Pattern Recognition Receptors (PRRs) (Jones & Dangl, 2006).  This 

elicits a downstream defense response (DR) known as Pattern-Triggered Immunity (PTI).  The 

quantitative nature of PTI involves many diverse metabolic functions that work together to stave 

off infection.  This process involves multiple plant genes, and is also known as basal or 
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quantitative resistance.  Pathogens are able to overcome PTI through the secretion of effector 

proteins, which inhibit aspects of the DR or increase host susceptibility, allowing for stronger 

infection.  If plants contain resistance (R) genes, some of which encode nucleotide-binding, 

leucine-rich repeat (NBS-LRR) domain proteins, the presence or activity of specific pathogen 

effectors is detected, and a defense response known as Effector Triggered Immunity (ETI) is 

activated (Kou & Wang, 2010; H. Zhang & Wang, 2013).  In crops such as rice, breeding for 

ETI in elite varieties is the main strategy for developing disease resistant cultivars; however, this 

single gene resistance is frequently unstable, only lasting a few seasons, because the pathogen 

evolves to circumvent the R-gene mechanism (Ballini et al., 2008). 

 Strengthening the effectiveness of quantitative, durable resistance was discovered to be 

influenced by the diverse functions of downstream DR genes (Liu et al., 2004; Ramalingam et 

al., 2003).  The activities of DR genes are non-species specific, meaning they contribute to Broad 

Spectrum Resistance (BSR) against multiple pathogens (Ke et al., 2017; Liu et al., 2004; 

Ramalingam et al., 2003).  The functions of DR gene products include pathways in Jasmonic 

Acid (JA), Salicylic Acid (SA), Indole-3-acetic acid (IAA), Mitogen-Activated Protein Kinase 

(MAPK) signaling, thiamine biosynthesis, carbon metabolism, oxidative bursts, phenylpropanoid 

biosynthesis, and other processes (Fu et al., 2011; Hulsmans et al., 2016; Shah, 2009; Torres et 

al., 2006; Wang et al., 2006; Zipfel & Robatzek, 2010). The genomic regions associated with this 

type of resistance, Quantitative Trait Loci (QTL), contain DR genes or DR gene families as seen 

in rice, pepper, common bean, and wheat (Davidson et al., 2009; Faris et al., 1999; Geffroy et al., 

2000; Kou & Wang, 2010, 2012; Liu et al., 2004; Ramalingam et al., 2003; Wu et al., 2004).  

Each QTL imparts a partial contribution to resistance, and pyramiding multiple QTL to include 

as many functional DR genes as possible predicts durable resistance (Boyd, 2006).  Pyramiding 
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DR gene-containing QTL has been successful in producing durable disease resistance in wheat 

and rice (Liu et al., 2004; Manosalva et al., 2009; Singh et al., 2011; Vagndorf et al., 2017).   

 In several cases, the functional difference between the resistant and susceptible DR gene 

haplotypes of a QTL are not in the coding region, but are likely due to polymorphisms in the 

promoters.  The germin-like protein, OsGLP8-6, is one family member of 12 OsGLP8 genes 

found on a QTL for rice blast resistance on chromosome 8 (Manosalva et al., 2009).  This DR 

gene is involved in BSR, thus classified as a BS-DR gene, with expression of OsGLP8-6 

enhancing resistance to the pathogens M. oryzae, R. solani, and X. oryzae (Davidson et al., 2010, 

2009; Manosalva et al., 2009).  An 856 bp promoter insertion that contains known defense-

responsive cis-elements is present in the resistant haplotype of OsGLP8-6, and the gene shows 

faster and higher expression relative to the susceptible haplotype (Davidson et al., 2010).  

Another BS-DR gene, OsOXO4, is an oxalate oxidase and a member of a gene family of four in a 

QTL for resistance to M. oryzae; this gene also contributes to resistance to R. solani (Carrillo, 

Goodwin, Leach, Leung, & Vera Cruz, 2009; Karmakar et al., 2016).  The resistant OsOXO4 

promoter haplotype also contains an insertion (26 bp) with known defense cis-elements (Carrillo 

et al., 2009). A rice IAA-amido synthetase BS-DR gene, OsGH3-2, is within a QTL for 

resistance against both X. oryzae and M. oryzae, and contains distinct promoter differences 

between resistant and susceptible alleles (Fu et al., 2011).  Promoter differences are also present 

between resistant and susceptible haplotypes in the CCCH-type zinc finger nucleic acid-binding 

protein, OsC3H12, which contributes to resistance to X. oryzae (Deng et al., 2012).  In all of 

these examples, the differences between resistance and susceptibility are polymorphisms that 

affect transcription, not protein function, suggesting that the timing and intensity of BS-DR gene 

regulation are key to effective basal resistance.  The cis-element structure of a promoter is 
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important for gene responsiveness to an individual stimulus.  For instance, in Arabidopsis, a 

specific position and combination of certain cis-elements affect the transcription of a subset of 

genes during environmental stress (Zou et al., 2011).  Thus, identifying promoter elements 

associated with highly responsive BS-DR genes may provide genetic markers to facilitate 

accumulation of effective QTL. 

 The BS-DR genes described above are large effect genes, meaning disease phenotype is 

noticeably altered if the gene is mutated or overexpressed.  However, the intrinsic nature of BS-

DR genes is quantitative, so many contributing genes will have a small effect that is difficult to 

detect.  Understanding BS-DR genes and their regulation on a genomic scale, rather than 

restricted by QTL, can lead to a more comprehensive set of markers for broad spectrum, 

quantitative resistance.  Here, we identify promoter motifs and promoter architectures that are 

shared across co-expressed BS-DR genes, and identify patterns that may predict novel BS-DR 

genes throughout the genome. 

 

Results 

Identifying co-expressed BS-DR genes 

     - Co-expression analysis 

 Gene expression data compiled from 44 studies (Table S3-1: Supplemental) was used to 

identify condition-dependent co-expressed gene clusters, with the condition being biotic stress 

DR elicitors.  All included studies measured transcriptomes of rice responses to the diseases 

bacterial blight (X. oryzae), rice blast (M. oryzae), and sheath blight (R. solani), as well as the 

chemical defense elicitors benzothiadiazole (BTH), jasmonic acid, cellulose, and chitin (Table 

S3-1: Supplemental).  Each study was converted to a log base 2 differential expression value of 
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treatment relative to control, normalized, and scaled to then allow comparison across studies 

(Figure 3-1). 

 Average linkage hierarchical clustering of a distance matrix from Pearson correlation was 

used to construct a gene dendrogram of 14,688 loci (Figure 3-2).  Identifying the optimal 

parameters for tree-cutting of the dendrogram included optimizing the scores of Dunn Index, 

Connectivity, and Silhouette Width, as well as choosing the tree-cutting method that produced 

the most clusters that harbor BS-DR characteristics (Table 3-1, Figure 3-3).  BS-DR gene cluster 

characteristics were identified based on two criteria, i.e., enrichment of DR-related Gene 

Ontology (GO) terms (DR-GO terms) in each cluster (Table S3-2: Supplemental), and 

enrichment of DR genes functionally associated (FA) with plant defense (FA-DR genes) in each 

cluster (Table S3-3: Supplemental).  DR-GO terms were chosen based on the pertinence of the 

term to plant stress responses.  The enrichment tests for FA-DR genes and DR-GO terms, 

respectively, were done using Benjamini-Hochberg (BH) correction with a False Discovery Rate 

(FDR) of 0.05 (Table S3-4: Supplemental, Table S3-5: Supplemental).  The tree-cutting 

parameters that produced the most BS-DR gene clusters created 65 co-expressed gene clusters 

with a mean cluster size of 226 genes (Table 3-1). 

 

     - Identification of the BS-DR gene cluster 

 From the 65 co-expressed clusters, 17 were enriched in DR-GO terms (Table 3-2), and, 

of these 17 clusters, one containing 385 genes, deemed as the “BS-DR cluster” also was enriched 

in FA-DR genes (Figure 3-2, Table S3-6: Supplemental).  We hypothesized that co-expression of 

genes within this BS-DR cluster suggests common regulation during DR, and therefore, their 
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promoters might contain common sequence patterns.  The rest of this analysis focuses on 

identifying promoter elements associated with this single BS-DR cluster given in Figure 3-2. 

 

Promoterome annotation for two representative rice varieties 

 Position in the promoter relative to the downstream gene is important for deducing 

functionality of putative cis-elements (Zou et al., 2011).  A first step in identifying similar 

promoter motif architecture specific to BS-DR genes was to ensure correct alignment to the 

transcription start site (TSS) across the genome for accurate cross-comparison of promoters.  The 

occurrences of A, T, C, and G for every promoter from the proposed TSS to 2 kb upstream were 

counted (Figure 3-4).  The occurrence of A/T is consistently much higher than C/G from about -

400 to -2 kb, but within -35 to -24 of the TSS the A/T counts increase for both Nipponbare and 

IR64.  This is the TATA box site, and it occurs in 24% of total genes in both varieties, a value 

comparable to the expected value of 19% in rice (Civáň & Švec, 2009).  Cytosine was located 

right before the TSS, at position -1, in about 47% of promoters, and is indicative of transcribed 

genes (Troukhan et al., 2009).  Thus, the promoteromes for both IR64 and Nipponbare are 

aligned to the TSS, and can be used in position-specific motif searches. 

 

Short sequence de novo motifs are enriched in BS-DR cluster genes 

 To identify shared regulatory signatures of BS-DR co-expression cluster genes, we first 

detected overrepresented short sequence motifs in their respective promoters relative to the rest 

of the promoterome.  Motifs were mined using Gimmemotifs, an “ensemble method” that takes 

advantage of the best results from many motif-finding algorithms (van Heeringen & Veenstra, 

2011).  We identified short sequence motifs ranging from 6 to 15 bases in the promoters of genes 
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in the co-expressed BS-DR cluster.  Using Gimmemotifs, the top motifs found from each 

component algorithm were clustered by similarity, merged using weighted information scores 

(van Heeringen & Veenstra, 2011), and then were tested for enrichment in the BS-DR cluster in 

both IR64 and Nipponbare rice varieties using a Bonferroni P-value correction (P < 0.00156) 

(Figure 3-5).  Nine out of sixteen motifs found in this de novo method matched known cis-

elements.  Only motifs that were enriched in at least one variety were included.  Many of the 

longer motifs had alignments with segments of miRNA stem loops, or more particularly, a 

processed miRNA (motif K).  Motifs matching cis-elements associated with the plant defense 

response, such as motifs A and B (W-box) and motif C (lectin gene), were identified.  However, 

the short sequence motifs enriched in BS-DR genes were also prevalent in many promoters 

across the genome.  Thus, using these motifs as the foundation, we asked if specific groupings of 

these motifs were distinct to BS-DR promoters. 

 

BS-DR motifs are organized into cis-regulatory modules 

 Commonalities in proximity and organization of the BS-DR-associated single motifs 

(Figure 3-5) across BS-DR cluster genes were discovered by local alignment.  Promoter 

sequences were converted to a list of position-specific locations of each motif (“motif profile”) 

and then this profile was used to align each promoter using a Smith-Watermann alignment as 

described and applied by the Regulatory region Local Alignment tool (ReLA) (González et al., 

2012).  Sequence segments containing a group of motifs within promoters, called cis regulatory 

modules (CRMs), in at least ten promoters in the BS-DR cluster were selected (Figure 3-6).  

Each CRM has a specific window size and may occur anywhere across the 2kb promoter.  Each 

constituent motif found within a respective CRM window occurs anywhere in the CRM (CRM2, 
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CRM4, CRM5) or in sub-regions (CRM1, CRM3).  The refined locations of constituent motifs 

were identified by calculating the relative frequency of motif occurrence at each nucleotide 

position for CRMs across the Nipponbare promoterome, the BS-DR cluster, or known DR genes 

(Figure 3-7).  Constituent motif sub-region specificity in CRM1 and CRM3 was consistent 

across the promoterome, and the ranges are refined in known DR genes that harbored the 

respective CRM (Figure 3-8).  No other CRMs showed position specificity of constituent motifs.   

 Overrepresentation of CRMs in BS-DR cluster genes and known DR genes in both IR64 

and Nipponbare suggests their association with DR (Table 3-3).  CRM1 shows enrichment in 

known DR genes, but not in the BS-DR cluster, whereas CRM2 is enriched in both varieties in 

both sets of genes.  CRM3, which is more prevalent in Nipponbare than IR64 in general, shows 

enrichment in Nipponbare in the BS-DR cluster only.  CRM4 and CRM5 are both highly 

enriched in BS-DR genes, but not in FA-DR genes.  Each CRM is associated with BS-DR genes, 

FA-DR genes, or both gene sets, and thus, their presence in a promoter may indicate involvement 

of the downstream gene in basal resistance.   

  

CRMs are found in broad-spectrum DR genes located in resistance QTL 

 Previous work identified BS-DR genes located within disease resistance QTL and 

demonstrated their contribution to resistance (Carrillo et al., 2009; Davidson et al., 2010; B. Liu 

et al., 2004; Manosalva et al., 2009; Tonnessen et al., 2014).  Three different DR gene families 

within disease resistance QTL contain the CRMs, including the Oxalate Oxidases (OsOXOs), 

Phenylalanine Ammonia Lyases (OsPALs), and the Germin-Like Proteins (OsGLPs) (Figure 3-

9).  Some members of these gene families underlie QTL conferring resistance to diverse 

pathogens, including X. oryzae pv. oryzae, M. oryzae, and R. solani (Table S3-7: Supplemental).  
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Intriguingly, particular members of DR gene families shown to contribute to disease resistance 

are the members whose promoters contain CRMs (Figure 3-9).  The BS-DR-associated motifs 

found in this analysis are present in the majority of promoters throughout the genome, but the 

specific organization of CRMs are associated with BS-DR genes, and specifically within 

resistant alleles.  

 The OsGLP8 family includes BS-DR genes functionally validated by gene silencing 

(OsGLP8-6, OsGLP8-7, OsGLP8-9; (Manosalva et al., 2009)) which all have an instance of at 

least one CRM in their promoters (Figure 3-9a).  Family members that do not contribute to the 

DR in gene silencing experiments (“Non-DR”), OsGLP8-2, OsGLP8-3, and OsGLP8-12, lack 

any CRM.  Interestingly, occurrence of CRM between resistant and susceptible QTL haplotypes 

differed in the three DR-related OsGLP8 genes.  The upstream region (~1.9 kb) of OsGLP8-9 

has a 45 bp deletion that removes the two constituent motifs, P and O, from CRM2.  The 

resistant promoter of OsGLP8-7 contains four instances of Motif B, constituents of CRM4 and 

CRM5, in a 37 bp region at about position -700.  Two SNPs in the susceptible QTL donor alter 

two of the four motifs, reducing the number of intact instances of Motif B to two within this 

sequence segment.  Finally, OsGLP8-6 has a large insertion (856bp) in its promoter at position -

517 that is associated with higher and earlier expression of GLP8-6 in response to pathogen 

inoculation (Davidson et al., 2010).  This insertion contains CRM1 at the 3’ end, as well as three 

instances of Motif B, which are W-box motifs.  The CRM3 occurrence shown in the susceptible 

haplotype is unchanged in the resistant haplotype, but it is upstream of the visual window of -2 

kb due to the promoter insertion.  Other motifs are present across the promoters of these genes, 

but the occurrence CRMs is specific to DR-related OsGLP8 genes, and the sites are polymorphic 

between resistant and susceptible haplotypes. 
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 The family of OsOXO genes in resistance QTL contain one BS-DR (OsOXO4) and three 

“non-DR” (OsOXO1-3) genes.  The genes OsOXO1-3 are not expressed during rice blast 

infection (Carrillo et al., 2009).  Though, the BS-DR gene, OsOXO4, is involved in resistance, 

and the resistance haplotype of OsOXO4 is expressed to a greater extent upon induction by 

disease (Carrillo et al., 2009).  The promoter of OsOXO3 contains an extra occurrence of CRM5 

in the susceptible variety, whereas OsOXO4 gains CRM4 in the resistant haplotype (Figure 3-

9b).  No significant differences in promoter structure affect CRMs in OsOXO1 or OsOXO2 

promoters.  The resistant haplotype of OsOXO4 is more highly expressed during rice blast 

infection, and CRM4 is only present in this haplotype, not in the susceptible variety. 

 Members of the OsPAL gene family co-localize with a resistance QTL on chromosome 2; 

one of these (OsPAL4) functions in BS-DR, while another (OsPAL2) does not (Tonnessen et al., 

2014).  OsPAL6 was inferred to be involved in BS-DR by expression analysis (Tonnessen et al., 

2014).  The CRM profile of OsPAL4 differs between resistant and susceptible QTL donor 

haplotypes (Figure 3-9c).  In susceptible haplotypes (Azucena), there is a 229 bp deletion at 

position -1141, removing two constituent motifs from CRM2; CRM2 remains intact in the 

resistant haplotype.  Along with the removal of a complete CRM2, the CRM4 in the IR64 

promoter located at position -532 has a single nucleotide deletion in the first Motif B in the 

susceptible haplotype.  The promoters of OsPAL6 and OsPAL2 showed no difference in motif 

structure.  The CRM motif profiles of other members of gene families mentioned above with 

unknown function in DR are presented (Figure 3-10).  Taken together, these three examples of 

CRMs being specific to BS-DR genes, and not “Non-DR” genes, that are specific to resistant 

QTL haplotypes support the possibility of the presence of CRMs predicting the effectiveness of 

BS-DR gene regulation. 
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Characterization of CRM1 and CRM3 consensus sequences 

 The constituent motifs within both CRM1 and CRM3 exhibit position specificity across 

FA-DR genes and the entire promoterome (Figure 3-7, Figure 3-8).  These patterns suggest that 

the rest of the nucleotides nested within the windows of CRM1 and CRM3 are conserved.  A 

consensus sequence was generated for CRM1 and CRM3 by aligning every occurrence of the 

respective CRM across the promoterome of Nipponbare (Figure 3-11).  The majority of 

nucleotides within occurrences of CRM1 and CRM3, respectively, show conservation.  The 

motifs within CRM1 in all known DR genes, as seen in Figure 3-12a, also include an extra motif 

G downstream on the plus strand, complementary to the upstream motif G included in CRM1.  

This prompted the generation of a CRM1 consensus sequence that includes 184 nucleotides on 

the three-prime end to encompass the entire self-complementary structure, which is used in 

subsequent analyses as “CRM1-appended” (Figure 3-11).  Many DR genes with CRM3 in their 

respective promoters contained a larger, palindromic motif profile as well with complementary 

flanking sites of Motif B as compared to CRM3 in OsGLP8-6 (Figure 3-12b). 

 To identify what type of repetitive sequences CRM1 and CRM3 represent, the consensus 

sequences were aligned to both known miRNA stem loops from miRBase (www.mirbase.org) 

and the Rice Transposable Element (RiTE) database (www.genome.arizona.edu/cgi-

bin/rite/index.cgi) (Figure 3-13).  Both CRMs showed significant (E-value > 1e-10) alignment to 

segments of known miRNAs and Miniature Inverted-repeat Transposable Elements (MITEs).  

CRM1 aligned with the sorghum miRNA classified miR6225, whereas CRM3 aligned with many 

members from the rice miR818 and miR812 families.  Additionally, CRM1 and CRM3 aligned 

with MITE superfamilies PIF-Harbinger and Tc-Mariner, respectively, which are both class II 

Terminal Inverted Repeat (TIR) transposons (Copetti et al., 2015; Lee & Kim, 2014).  The 
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secondary structure of putatively transcribed RNA from CRM1 consensus, CRM3 consensus, 

and the occurrence of CRM3 within the OsGLP8-6 promoter produces a structure that parallels 

an miRNA stem loop, as seen when compared to the known miRNA miR818a (Figure 3-14) 

(Sunkar et al., 2008).  The OsGLP8-6 CRM3 secondary structure exhibits less self-

complementarity as the other stem loops shown. 

 Since CRM1 and CRM3 sequences show characteristics of a repeat element, rice 

expression data of small RNAs (sRNAs) at each CRM1 or CRM3 locus in known DR genes was 

extracted from an sRNA Illumina SBS sequencing database (Nakano et al., 2006).  Across 

multiple experimental libraries, relative peaks of sRNA expression are found within each locus 

of CRM1 or CRM3 (Figure 3-15).  These results also indicate the high level of repetitiveness at 

each CRM position.   

To discover the sizes and possible epigenetic function of sRNA produced at the CRM 

loci, sRNA counts were examined from individual experiments in the sRNA database.  In the 

majority of loci for both CRM1 and CRM3 in DR genes, sRNAs were 24 nucleotides in size and 

immunoprecipitated with the class of AGO4 proteins, and not with AGO1 proteins (Data 

extracted from Wu et al., 2009, 2010) (Table 3-4a).  Some CRM loci produced both 21 and 24 nt 

sRNAs in abundance, such as loci for Phospholipase-D and r11. Data for total sRNA reads in 

processing mutants, Dicer-Like 3 (dcl3), Dicer-Like 1 (dcl1), and RNA-dependent RNA 

polymerase II (rdr2) were compared relative to the wild-type.  In dcl3 and rdr2 mutants, 24 nt 

sRNAs were reduced compared to wild-type, but increased or unaffected in dcl1 mutants. 

Conversely, the 21 nt sRNAs from a few loci generally decreased in dcl1, but increased in rdr2 

and dcl3 mutants relative to wild-type (Table 3-4b). The production of 24 nt sRNA is dominant 
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across loci, and these results show an association with AGO1, DCL3 and RDR2 with CRM1 and 

CRM3 loci.   

To shed light on possible epigenetic activity, methylation at each of the CRM1 and 

CRM3 loci was examined from publicly available rice bisulfite sequencing data (Figure 3-15) 

(mpss.danforthcenter.org) (Nakano et al., 2006).  Within a 1 kb region surrounding each CRM 

locus, a relative increase or decrease of methylation was observed at the location of CRMs.  For 

CRM1 loci, five out of the nine FA-DR genes that contain CRM1 in their promoters, OsCERK1, 

OsWRKY53, OsRac1, Pia-RGA5, and nls1-1D, show relative peaks in methylation (Figure 3-

15a).  One gene, OsRAR1, exhibits consistent methylation across the region around CRM1.  The 

remaining three FA-DR loci, OsAGO7, Phospholipase-D, and r11, show no methylation, or a 

valley where methylation markedly decreases within CRM1 relative to the surrounding DNA.  In 

CRM3 from FA-DR gene promoters, four of the six total loci, Xb25, OsGLP8-6, Pia-RGA4, and 

Pi-ta, show this valley trend.  The gene, spl28*, has a small peak in methylation at CRM3, and 

OsNAC6 shows no methylation in the region.  These combined results indicate a possible 

epigenetic regulatory aspect, through variable methylation/de-methylation, with CRM1 and 

CRM3 in DR genes. 

 

Discussion 

Defining and searching for BS-DR genes 

 A DR gene either promotes the DR, or mediates other cellular processes to increase plant 

fitness against multiple diseases (Boyd et al., 2013; Ke et al., 2017; Kou & Wang, 2010).  These 

genes respond to pathways initiated by ETI and PTI.  Thus, when considering the various 

infection mechanisms and physiologies of the broad pathogen spectrum, the plant defense 
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response exploits the plasticity of its entire genome in the structural and genotypic sense.  DR 

genes that are co-expressed across different defense responses are considered BS-DR genes.  

Given the pivotal role of BS-DR genes in modulating the pathways involved in resistance, a 

well-orchestrated transcriptional response is necessary in strong basal resistance.  In this study, 

we identified patterns in the promoters of BS-DR genes that provide clues as to how this action 

is carried out.  The CRMs we identified may influence genome-wide transcription, since they are 

associated with known, functionally-validated DR genes and reside in many other genes 

throughout the genome. 

 

BS-DR gene-associated short sequence motifs have functionality in known defense pathways 

 Many of the single short motifs (6-15 nt) identified here aligned with known cis-elements 

(Figure 3-5).  The two motifs A and B matched the core DNA binding element of the WRKY 

transcription factor, and motif B is found in CRM3, CRM4, and CRM5.  The presence of these 

cis-elements is essential for functional resistance to three major rice diseases, rice blast, sheath 

blight and bacterial blight (Hwang et al., 2016; Nakayama et al., 2013; Peng et al., 2016).  Other 

motifs found in this study align with cis-elements involved in DR-related cellular processes.  

Lectins have been inferred to be involved in resistance through protein-carbohydrate binding 

during the defense response (Van Damme et al., 2004). Pertaining to nodule factor cis-elements, 

the communication and control of bacterial population between the host plant and Rhizobium 

bacteria is evolutionarily intertwined with the host-pathogen interaction (Cao et al., 2017).  The 

major form of auxin, IAA, negatively regulates defense through induction of expansin-mediated 

cell wall loosening (Guilfoyle, 1999).  Genes with promoters that harbor the auxin-responsive 

factor (motif L) may be contributing positively or negatively to this susceptibility response.  
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Ethylene acts as a regulator of host defense, and is found at higher levels in resistant interactions 

with M. oryzae (C. Yang et al., 2017). 

Although small sequence motifs can be indicative of specific protein binding to alter 

transcription, cis-elements do not usually work alone.  Often multiple cis-elements work in 

tandem to regulate genes involved the DR as well as abiotic stress and the auxin response 

(Berendzen et al., 2012; Deb & Kundu, 2015; Zou et al., 2011).  To understand BS-DR gene 

regulation, the overall structure of promoters, in the form of CRMs, was addressed. 

 

Interpreting the diverse characteristics of CRMs 

 Five different groupings of motifs were found to be conserved across promoters of BS-

DR cluster genes, and show statistical enrichment in known DR genes and/or the BS-DR cluster 

(Table 3-3).  The motifs found within each CRM infer broader implications for the conditional 

responsiveness of each gene containing the respective elements in their promoters. 

 

     - CRM4 and CRM5 – W-box recurrence 

 Motif B, the pattern found within both CRM4 and CRM5, is in perfect alignment with the 

core W-box.  This WRKY binding site organizes into groupings of either two (CRM4) or three 

(CRM5) within a small window (Figure 3-6).  Both CRMs are highly enriched in the BS-DR 

cluster of co-expressed genes, and are found in many FA-DR genes (Table 3-3).  This suggests 

that W-boxes tend to work in tandem or repeated patterns.  Indeed, some WRKY proteins form 

hetero- and homo-complexes when binding to promoters, and they do this where there are 

multiple, closely positioned W-boxes (Xu et al., 2006).  For example, OsWRKY4 is regulated by 

the binding of OsWRKY80 on the promoter to facilitate resistance to R. solani, and the W-box 
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sites in the promoter of OsWRKY4 are in a close-proximity, duplicated pattern (Peng et al., 

2016).  In promoters of Arabidopsis genes involved in Systemic Acquired Resistance (SAR), W-

boxes are in tandem, often as duplicates, and there are 4.3 W-boxes per promoter, relative to the 

expected 2.1 in the rest of the genome (Maleck et al 2000).  While the W-box cis-element is in 

most promoters, its presence in duplicate or triplicate may be a more functional genotype, 

particularly when they are associated with regulation of BS-DR genes.  

 

     - CRM2 – Two different motifs with interconnected roles 

 The two motifs O and P align with functional cis-elements found in ethylene responsive 

and light responsive genes, respectively.  CRM2 contains both elements, with two instances of 

motif O (Figure 3-6).  Ethylene is a plant hormone known to play a key role in defense (C. Yang 

et al., 2017).  Photosynthetic genes also play a role in the rice DR and are modulated during 

infection by R. solani, X. oryzae pv. oryzae, and other plant-pathogen interactions (Huot et al., 

2014; Yu et al., 2014; Zhang et al., 2017).  Interestingly, cross-talk exists between genes 

involved in the ethylene response and light-responsive genes, such as during the process of leaf 

greening and hypocotyl elongation (Yu & Huang, 2017; Zhong et al., 2009).  Perhaps the 

grouping of cis-elements in CRM2 in BS-DR genes is indicative of the importance of regulating 

these two separate molecular pathways during infection.  The identification of CRM2 is a step 

towards understanding how BS-DR genes with vastly different function intercommunicate, and 

helps to identify candidates that are involved. 
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     - CRM1 and CRM3 – Signals for epigenetic modification 

Since the de novo motif search method described in this study did not look for individual 

patterns greater than 15 nt due to computational restrictions of the motif-finding algorithms, any 

larger sequence similarities across promoters were overlooked.  The constituent motif positions 

and strand specificities of CRM1 and CRM3 suggest more nucleotide conservation within 

CRMs, and indeed the consensus sequences illustrate the larger structural pattern that exists.  

Since CRM1 and CRM3 both align with segments of miRNAs as well as MITEs, they can 

generally be described as transposon-derived repeat elements, due to a lack of functional 

validation for involvement in any gene silencing pathways.  The sRNAs that are transcribed in 

each CRM1 and CRM3 locus are hypothesized to be producing small-interfering RNAs (siRNA) 

and participating in cis-acting RNA-directed DNA methylation (RdDM) for a variety of reasons.  

First, the majority of reads are 24 nt in length and immunoprecipitated with AGO4 proteins, 

which is indicative of the siRNA processing pathway (Mallory & Vaucheret, 2010; Wu et al., 

2009, 2010).  Secondly, DCL1 is the protein involved in 21nt miRNA processing, and when 

mutated, dcl1 lines do not show a decrease in the 24 nt sRNAs produced at the CRM loci 

(Kurihara, 2005; Wu et al., 2010).  Mutation of RDR2 or DCL3, enzymes responsible for 

processing and amplification of siRNAs, results in a decrease of the amount of 24 nt reads 

relative to the wild-type, meaning these proteins are critical in the production of these reads.  

Methylation at CRM1 and CRM3 sites is highly variable across DR gene loci, with most CRM1 

loci showing a peak in methylation, and many CRM3 loci conversely showing a methylation 

valley.  The methylation data mined for this analysis is based on wild-type Nipponbare tissue 

under no stress; further experimentation is needed to determine if the active methylation/de-

methylation of CRM1 and CRM3 loci are altered during pathogen infection.  
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The involvement of RdDM in plant disease resistance is well-studied in plants.  A 

demethylating agent, 5-azadeoxycytidine, enhances resistance of rice to X. oryzae pv. oryzae 

(Akimoto et al., 2007).  In Arabidopsis, active DNA de-methylation occurs during the resistant 

response to P. syringae, and many DR genes with repeat elements in their promoters are affected 

by epigenetic processes (Yu et al., 2013).  One gene, WRKY22, is methylated in the promoter in 

the basal state, but actively demethylates during pathogen infection, allowing for transcription 

factors to bind and activate the gene (Yu et al., 2013).  Conversely, active DNA methylation is 

important for defense against the tumor-inducing Agrobacterium tumefaciens and necrotrophic 

fungi (Gohlke et al., 2013; López, Ramírez, García-Andrade, Flors, & Vera, 2011).  The 

identification of BS-DR-associated CRM1 and CRM3 reveals two separate patterns conserved 

across promoters, and more research is required to discern if these are key RdDM mechanisms 

for genomic regulation and disease resistance. 

 

Polymorphisms in CRMs infer BS-DR gene functionality in disease resistance QTL  

 Our analysis shows that differences in the promoters of BS-DR genes between resistant 

and susceptible haplotypes include the mutation and/or structural change of CRMs (Figure 3-9).  

The ability for DR genes to modulate transcription during infection may be influenced by the 

regulatory mechanisms dictated by these genotypes.  The two modules CRM4 and CRM5 

contain polymorphisms in three BS-DR genes, OsGLP8-7, OsOXO4, and OsPAL4, and one gene 

not demonstrated to be involved in the DR, i.e., OsOXO3 (Figure 3-9a-c).  Since WRKY proteins 

show DR-functionality in duplicates and triplicates, mutations that break these CRMs may 

reduce transcriptional responsiveness of the associated gene, as seen in OsGLP8-6, OsOXO4, 

and OsPAL4 promoters.  In contrast, CRM5 is gained in the susceptible haplotype in the non-DR 
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OsOXO3, suggesting that an enhancement of expression of this locus due to CRM5 may increase 

susceptibility or play a role in different stresses or developmental stages.  CRM2 is present in 

resistant haplotypes for the BS-DR OsGLP8-9 and OsPAL4 promoters.  The lack of a complete 

CRM2 in susceptible promoters could leave the gene unresponsive to defense elicitors that 

induce ethylene and light-responsive activity.  CRM1 and CRM3 are found in the promoter of 

OsGLP8-6, with CRM1 only found in the resistant haplotype (within the insertion).  Both CRM1 

and CRM3 are inferred to be involved in epigenetic modifications, thus the displacement of 

CRM3 and introduction of CRM1 in the resistant haplotype could be the reason for faster and 

higher expression of OsGLP8-6 (Davidson et al., 2010). 

These examples of CRM polymorphisms in BS-DR QTL genes provide further evidence 

supporting the prospect that these CRMs have a predicative role in the contribution of other BS-

DR genes to basal resistance.  When breeding new varieties, the criteria for selection of parents 

could take advantage of this knowledge.  Understanding the composition of their promoters, and 

how important that is for a strong basal resistance, will allow us to select varieties enriched in the 

broad-spectrum defense response across the genome. 

 

Materials and Methods 

Broad spectrum defense response transcriptome data 

 To identify rice defense response genes that are co-regulated across various diseases and 

treatments, we mined a collection of publicly available transcriptome data.  Raw expression 

reads acquired from NCBI GEO (www.ncbi.nlm.nih.gov/geo/) and recent publications (Table 

S3-1: Supplemental), and were all treatment versus mock scenarios of resistant interactions.  

Affymetrix probe results files (CELs) were processed for each treatment-control study with the R 
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package, Affy, which utilizes Robust Multi-Array (RMA) background correction and quantile 

normalization as described by Irizarry, 2003.  Affymetrix probes were matched to the MSU 

Nipponbare rice reference genome (rice.plantbiology.msu.edu/index.shtml) using the sequence 

alignment software, Vmatch (www.vmatch.de).  Agilent microarray data was processed using 

the NCBI GEO software, GEO2R, which maps reads to rice loci and outputs an expression ratio 

based on resistant-mock data sets (www.ncbi.nlm.nih.gov/geo/geo2r/).  Illumina RNA 

sequencing results in fastq format were checked for quality using FastQC (Babraham 

Bioinformatics).  Sequence reads were preprocessed by removing the first 15 base adapter 

sequences, then trimming the ends with parameters of a minimum score of 20 and minimum read 

length of 20 using the fastx toolkit (hannonlab.cshl.edu/fastx_toolkit/index.html). The pre-

processed fastQ files were aligned to the representative protein coding mRNAs from rice variety 

Nipponbare reference genome v7.0, and the resulting “.bam” file was assembled into transcripts 

and annotated. These alignment processes, along with calculating differential expression ratios 

was accomplished using TopHat, Cufflinks, Cuffdiff, and Cuffmerge, sequentially, from the 

Tuxedo analysis package (Trapnell et al., 2012). 

 To analyze the differential expression data sets across various platforms, each set was 

converted to a log base 2 scale fold change then normalized to make cross-comparison feasible.  

The 44 individual expression data sets were centered based on their respective medians within 

the 3*(interquartile range).  Clipping of the data was done by removing expression values that 

were outside of 3*(interquartile range) from the first or third quartiles.  Normalization was 

performed using a min-max linear transformation within the range of -1 to 1 (Figure 3-1). 

 

 

http://hannonlab.cshl.edu/fastx_toolkit/index.html
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Defense response gene co-expression analysis 

 Genes that had missing data for greater than 10% of the expression studies were excluded 

from the analysis.  The rest of the missing data values were imputed using the median expression 

of the associated experiment.  Pearson correlation, followed by average linkage hierarchical 

clustering of the distance measure, 1-correlation, was performed using the R packages “cor” and 

“hclust,” respectively (www.R-project.org).  Branch cutting of the resultant dendrogram was 

done using various parameter settings and algorithms of the dynamic tree cut method, an 

improvement from using a fixed cut height (Langfelder & Horvath, 2008).  Specifically, the 

“cutreeHybrid” R-script was used with default parameters aside from an altered minimum cluster 

gap ranging from 0.15 to 0.40, or the “cutreeDynamic” R-script with “deepSplit” parameters, 0, 

1, 2, 3, True, or False. Gene Ontology (GO) term and known DR gene enrichment analysis of co-

expressed gene clusters utilized the Fisher exact test, with Benjamini-Hochberg correction and a 

False Discovery Rate (FDR) of 0.05 (Benjamini & Hochberg, 1995).  Choosing the dendrogram 

branch cutting parameters to produce clusters for subsequent analysis involved finding the 

method which maximized Dunn Index and Connectivity, minimized Silhouette Width, and 

contained the most DR-GO and DR gene enriched clusters.  GO terms were taken from the plant 

GOSlim database aligned to the rice genome (rice.plantbiology.msu.edu/index.shtml) (Table S3-

2: Supplemental).  A list of known defense genes (FA-DR genes) in the rice genome was 

compiled using recent literature, and publicly available databases, the Overview of functionally 

characterized Genes in Rice Online (OGRO) database and the Kansas State University rice 

defense gene collection (www.k-state.edu/ksudgc/) (Table S3-3: Supplemental) (Yamamoto et 

al., 2012). 
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Promoterome construction 

 The promoterome of the rice variety Nipponbare was constructed using the MSU v7.0 

annotation and a python script.  Only the representative gene model (contained furthest upstream 

5’ UTR) was chosen for each locus, and transposable element-encoding genes were omitted.  

Transcription start sites (TSSs) were assigned to the -1 position from the start of the genes.  

Promoters were limited to 2kb upstream of the assigned TSS, unless that segment overlapped 

with a neighboring gene sequence, in which case the 5’ end of the promoter was truncated to the 

end of that respective gene.  Promoters less than 50 bases long after this step were removed from 

the analysis due to constraints of the CRM-finding pipeline.  Promoters for the rice variety IR64 

were constructed using the genome sequence and annotation recently developed by Schatz et al 

2017 (in prep.).  To ensure accurate annotation of IR64 genes, gene orthologs were identified 

between IR64 and Nipponbare based on 90% similarity in full gene sequence.  Accurate TSS 

positions in the IR64 orthologs were obtained by aligning Nipponbare gene sequences to IR64 

contigs using BLAT on linux command line at default parameters aside from max Intron length 

of 600 (genome.ucsc.edu/cgi-bin/hgBlat?command=start).  Matches with greater than 90% 

identity were labeled as IR64 orthologs to the corresponding Nipponbare gene, and the 5’ end or 

3’ end (depending on + or – orientation, respectively) of the alignment was labeled the TSS in 

the IR64 contig.  Any other IR64 annotated genes that did not have an orthologous Nipponbare 

gene were included in the IR64 gene set if they did not overlap with the previously identified 

orthologs.  Promoters from the IR64 contigs were extracted, truncated, and filtered as described 

above.  Consistency in promoter positioning and structure was verified using a graphical 

representation of the nucleotide tallies at each relative position in the promoterome for both 

varieties using an R script.   
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Sequence motif finding 

 Putative cis-elements de novo were identified using an ensemble approach with multiple 

motif-finding algorithms to search the promoteromes of the co-expressed BS-DR gene cluster 

derived from Nipponbare and IR64.  The application, gimmemotifs, was modified to be used as a 

backbone for running component algorithms simultaneously (van Heeringen & Veenstra, 2011).  

Component algorithms were Mdmodule, MEME, Weeder, MotifSampler, trawler, Improbizer, 

BioProspector, AMD, Homer, and GADEM (Ao et al., 2004; Bailey et al., 2009; Conlon et al., 

2003; Ettwiller et al., 2007; Heinz et al., 2010; Li, 2009; Liu et al., 2001; Pavesi et al., 2001; Shi 

et al., 2011; Thompson et al., 2003).  Sequences of all promoters from each variety less those of 

the genes in the BS-DR cluster were used as background sequences when required per 

component algorithm.  Default parameters for each algorithm were used aside from certain 

universal parameters of (1) size range between 6 and 15 base pairs, (2) search both plus and 

minus strand, and (3) output only top 15 motifs.  Each motif Position Frequency Matrix (PFM) 

obtained from the multiple algorithm runs was tested for enrichment in the BS-DR cluster 

relative to the rest of the genome.  A query sequence was counted if it held 85% similarity to a 

motif PFM.  The enrichment test was done using a “with or without” score for each promoter in 

IR64 or Nipponbare, and a Fisher exact test with Bonferroni P-value correction.  Many of the 

motifs deemed as enriched were highly similar and came from different motif-finding 

algorithms.  Thus, matching motifs were combined into one using a Weighted Information 

Content (WIC) score and “iterative clustering” (van Heeringen & Veenstra, 2011).  Clustered 

motifs were tested again for enrichment in the BS-DR cluster due to the changes imposed from 

motif merging (Figure 3-5).  Comparison of these de novo motifs to known cis-elements was 

done using the program, TOMTOM, of the MEME suite (Gupta et al., 2007).  A list of known 
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cis-elements was generated by combining the databases, PLACE (www.dna.affrc.go.jp/PLACE), 

atcisDB (arabidopsis.med.ohio-state.edu/AtcisDB), and TRANSFAC-plants (gene-

regulation.com/pub/databases.html). 

 

Searching for putative CRMs 

 CRMs were found using a window-based, pairwise alignment approach of motifs in the 

promoters of BS-DR cluster genes.  This was accomplished with the Regulatory region Local 

Alignment tool (ReLA), which utilizes a Smith-Waterman algorithm on sequence motif profiles 

(González et al., 2012).  The program was executed for both Nipponbare and IR64 BS-DR 

cluster promoters, with two separate size restrictions of the CRM search window: >50 nt, 

or >200 nt.  Due to restrictions of the alignment method, ReLA uses one promoter as a reference 

to align to each other promoter, then outputs the promoters that match that reference promoter 

motif profile.  Thus, ReLA was run 385 times, using a different BS-DR cluster promoter as the 

reference each time. From all runs of the program, the reference motif profiles that included the 

highest number of BS-DR promoters aligned with the test promoter (>10) were selected as 

putative CRMs.  Enrichment of each independent CRM in promoters of BS-DR cluster genes or 

known DR genes was determined using a Fisher Exact test of the genes with CRMs in the BS-

DR cluster versus the rest of the promoterome.  Visualizations of CRMs and constituent motifs 

in promoters of QTL-based DR genes were done using a python script, and the PyX package 

(pyx.sourceforge.net).  Motif densities in each CRM were calculated from the ratio of total 

occurrences of each motif start point for each nucleotide position in the CRM window, and 

plotted using an R script. 
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Classification of CRM1 and CRM3 sequences 

 For each respective CRM1 and CRM3, all occurrences across the promoterome of 

Nipponbare was extracted using a python script and aligned using a command line version of 

Clustal Omega (Sievers et al., 2014).  The alignment was converted into an Hidden Markov 

Model (HMM) profile using HMMer (HMMer.org).  The consensus sequences for CRM1 and 

CRM3 were then generated using percent occurrence values for each nucleotide at each position 

along the HMM profile using HMMemit (HMMer.org).  Consensus sequences were searched 

using the BLAST utility in miRBase (www.mirbase.org) against all stem loop sequences, and in 

the RITE database (www.genome.arizona.edu/cgi-bin/rite/index.cgi) for all repeat elements of 

rice.  Putative secondary structure of RNAs produced from CRM consensus sequences was 

accomplished using the RNAfold webserver (rna.tbi.univie.ac.at/cgi-

bin/RNAWebSuite/RNAfold.cgi).   

Using a publicly available Illumina SBS small RNA sequencing database, chromosomal 

coordinates of each CRM1 or CRM3 occurrence in known DR gene promoters were queried for 

total rice sRNA reads mapped to the regions (mpss.danforthcenter.org/) (Nakano et al., 2006).  

Study specific analyses were extracted to look at AGO immunoprecipitation and sRNA 

processing mutants from the database (Wu et al., 2009, 2010).  Methylation results from bisulfite 

sequencing were extracted as total methylated reads from all experiments using Nipponbare in 

various tissue types (mpss.danforthcenter.org/~apps/DNA_Met/public/RICE_met/) (Nakano et 

al., 2006). 
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Table 3-1: Co-expression cluster validation measures.  Scores and statistics on the co-expression clusters found from each attempt 
at dendrogram branch cutting using different methods and parameters.  Chosen parameter set: “H_MG=0.25” 
 

 

 
 

 

 

 

 

 

 

 

 

 

Set 

parameters
# Clusters

Mean cluster 

size (genes)
Connectivity

Dunn 

index

Silhouette 

width

GO 

enriched

DR-GO 

enriched

H_MG=0.15 116 127 21794 0.049 -0.011 46 17
H_MG=0.20 93 158 21315 0.057 -0.001 42 17
H_MG=0.25 65 226 19906 0.057 0.006 35 17
H_MG=0.30 37 397 18390 0.055 0.006 25 13
H_MG=0.35 22 668 17264 0.055 0.019 18 12
H_MG=0.40 14 1049 14840 0.054 0.027 13 13

H_DS=0 68 216 20166 0.057 0.006 35 17
H_DS=1 103 143 21476 0.055 -0.003 41 15
H_DS=2 123 119 22106 0.035 -0.016 47 19
H_DS=3 126 117 22271 0.035 -0.017 49 18
D_DS=F 38 387 20396 0.041 -0.114 30 19
D_DS=T 114 129 23719 0.031 -0.124 53 21 0

1

0

0

0

0

0

1

1

1

1

Cluster Validation Measures
Functional Validation Measures

(# of clusters)

DR-GO + DR gene 

enriched

0
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Table 3-2: Co-expressed gene clusters with enriched DR-GO terms.  Twenty-eight total DR-
GO terms are enriched, and are found across 17 clusters.  Cluster “greenyellow” is the “BS-DR” 
cluster.  Each cluster I s given, followed by a list of DR-GO terms enriched in the respective 
cluster, along with the GO term annotation.   
 
 
ModuleColor DR-GO # Annotation 

skyblue 
3723 RNA binding (molecular_function) 

166 nucleotide binding (molecular_function) 

brown 
6810 transport (biological_process) 

9628 response to abiotic stimulus (biological_process) 

turquoise 

3723 RNA binding (molecular_function) 

3676 nucleic acid binding (molecular_function) 

166 nucleotide binding (molecular_function) 

darkgreen 6810 transport (biological_process) 

greenyellow 

16301 kinase activity (molecular_function) 

6464 cellular protein modification process (biological_process) 

7165 signal transduction (biological_process) 

166 nucleotide binding (molecular_function) 

4871 signal transducer activity (molecular_function) 

5102 receptor binding (molecular_function) 

lightyellow 
3700 

sequence-specific DNA binding transcription factor activity 
(molecular_function) 

purple 
6464 cellular protein modification process (biological_process) 

3677 DNA binding (molecular_function) 

violet 
3700 

sequence-specific DNA binding transcription factor activity 
(molecular_function) 

blue 3723 RNA binding (molecular_function) 

bisque4 6810 transport (biological_process) 

palevioletred3 6810 transport (biological_process) 

orange 
3700 

sequence-specific DNA binding transcription factor activity 
(molecular_function) 

coral1 16787 hydrolase activity (molecular_function) 

midnightblue 7165 signal transduction (biological_process) 

tan 6810 transport (biological_process) 

plum1 
6950 response to stress (biological_process) 

16301 kinase activity (molecular_function) 

darkorange2 5777 peroxisome (cellular_component) 
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Table 3-3: Gene promoters with CRMs.  Number of promoters with a given CRM for all genes 
in the two promoteromes are given in the first column.  Labeled “Orthologous” are the genes 
with a given CRM that that exist in both Nipponbare and IR64 varieties. The following column 
tallies the genes in the BS-DR cluster, and known DR genes.  P-values are given in brackets 
from a test for enrichment in each given independent set relative to the rest of the promoterome 
(Fisher Exact Test). 
 
 
 

Genes with CRMs in their promoters 
Enrichment tests  
in DR gene sets 

CRM Variety 
All 

genes 
Orthologous BS-DR cluster 

FA-DR 
genes 

CRM1 
IR64 796 678 11 [0.0777] 7 [0.0171] 

Nipponbare 750 670 13 [0.0595] 9 [0.0106] 

CRM2 
IR64 1164 947 19 [0.0053] 8 [0.0402] 

Nipponbare 1020 937 21 [0.0033] 12 [0.0063] 

CRM3 
IR64 866 714 12 [0.0665] 4 [0.3222] 

Nipponbare 846 751 16 [0.0200] 5 [0.3846] 

CRM4 
IR64 18112 13250 195 [6.577e-06] 66 [0.1725] 

Nipponbare 14787 12802 195 [5.658e-05] 76 [0.2424] 

CRM5 
IR64 5519 4011 74 [3.704e-05] 16 [0.7504] 

Nipponbare 4596 3948 76 [5.620e-05] 20 [0.7182] 
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Table 3-4: sRNA reads at DR gene CRM loci in sRNA pathway experiments.  Reads mapped 
to CRM1 and CRM3 loci in DR gene promoters is shown for both 21 and 24nt sizes.  Two 
separate studies are examined, AGO immunoprecipitation (a) and sRNA processing mutants (b). 
 
Table 3-4a: AGO immunoprecipitation experiments.  The total sRNA reads from Nipponbare 
tissue mapped to each CRM locus is in the first column.  The following columns are sRNAs 
from immunoprecipitated AGO1 clade proteins (AGO1a, AGO1b, AGO1c), and AGO4 clade 
proteins (AGO4a, AGO4b, AGO16). 
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Table 3-4b: sRNA processing mutants.  Wild-type Nipponbare tissue total sRNA reads 
mapped to each locus is in the first column.  Reads of sRNAs in three different processing 
mutants, Dicer-Like 1 (dcl1), Dicer-like 3 (dcl3), and RNA-Dependent RNA-polymerase II 

(rdr2).  
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Figure 3-1: Post-processing expression data histograms.  The distributions of scaled, 
centered, and normalized log base 2 fold change expression values for each experiment used in 
the co-expression analysis.  Red lines show the outer 5% quantiles.  Blue lines are marking the 
outer 25% quartiles.  The median and mean are given as green and yellow lines, respectively.  
Normalization using the min-max linear transformation given below.  Normalization was done 
separately for each individual experimental study.  The vector X is the original scaled and 
centered expression data, Xnew is the vector of expression values used for the analysis going 
forward. 
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Figure 3-2: Broad Spectrum Defense Response (BS-DR) gene co-expression dendrogram 

and BS-DR specific gene cluster.  Visual representation of the results of average linkage 
hierarchical clustering of distance measures, 1-corr (Pearson Correlation Coefficient, Y-axis). 
Colors along the base are distinct co-expression clusters amongst the entire set of genes included 
in the analysis (14688 genes) found from tree cut method “H_MG=0.25” (Figure 3-3, Table 3-1). 
Highlighted in green is the BS-DR gene co-expression cluster.  Known FA-DR genes are listed 
and are enriched in the highlighted cluster (Fisher Test BH correction, P-value: 0.0014, Table 
S3-4: Supplemental).  Gene Ontology terms that were significantly enriched in the highlighted 
cluster are also listed (Fisher exact test BH correction, Table S3-5: Supplemental, Table 3-7). 
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Figure 3-3: Cluster validation plots.  Graphical representation of the different scoring 
measures for tree cutting methods of the co-expression dendrogram.  Different scoring measures 
were the Dunn Index, Sillhouette Width, and Connectivity between clusters.  All calculations 
were done as described in Xu et al 2009.  Chosen parameter set: “H_MG=0.25” 
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Figure 3-4: Genome-wide promoter nucleotide occurrence by position.  Using the promoteromes from both IR64 and Nipponbare 
rice varieties, nucleotides were tallied for each position along the promoter from the Transcription Start Site to -500 bases upstream.  
There are a total of 36121 promoters in the Nipponbare set, and 43523 promoters in IR64.  For each nucleotide positon along the X-
axis, the number of promoters with A (green), T (red), G (yellow), or C (blue) is given on the Y-axis.  
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Figure 3-5: Short sequence motifs found in the DR gene cluster.  Each row gives a different 
motif found using the ensemble algorithm method for finding short sequences overrepresented in 
the co-expressed BS-DR gene cluster.  Motifs are given a letter identification for future 
reference.  The de novo discovered motif is given in the second column, and the third column 
shows the verified known cis-element (if any) found using the program TOMTOM or a search of 
miRNA databases, followed by an annotation of that element in the fourth column.  The number 
of gene promoters with the given motif is counted for both Nipponbare (N) and IR64 (I) in the 
BS-DR gene cluster or rest of the genome.  Total number of genes for each set is given in 
parentheses next to the variety identifier.  The BS-DR cluster gene numbers that are followed by 
an interdictory circle were not found to be significantly over-represented in the BS-DR cluster 
relative to the rest of the genome (P-values given in brackets, Fisher Exact Test, BH correction 
FDR: 0.05).  Each motif has at least one variety in which it is enriched (overrepresented). 
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Figure 3-6: Visual of Cis-Regulatory Modules (CRMs).  Each CRM found using a 
modification of the ReLA algorithm is shown, with constituent motifs given in distinct colors.   
Each range (X-axis) of the CRMs illustrates the window in which the constituent motifs were 
found along the promoters of BS-DR cluster genes.  The sub-range for each constituent motif is 
also given as color-coded bars that span the region each motif is found.  The CRMs, CRM2, 
CRM4, and CRM5 contain their respective constituent motifs in any position across the CRM 
window. 
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(A)  CRM1 
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(B)  CRM2 

 

 

 



117 

 

 
 

 

(C)  CRM3 
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(D)  CRM4 
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(E)  CRM5 

Figure 3-7: CRM motif densities.  Frequency for each nucleotide position across the CRM1-5 
(A-E) windows was calculated as a ratio of total occurrences of the constituent motif in the CRM 
found in all genes, BS-DR cluster genes, and FA-DR genes (“Defense Genes”).  The strand 
which the motif is found is given as either below (- strand) or above (+ strand) the Y-axis origin.  
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Figure 3-8: Constituent motif occurrence frequency within CRM1 and CRM3.  The relative 
frequency of occurrence (Y-axis) is given for the constituent motifs for both CRMs.  Frequency 
for each nucleotide position across the CRM window was calculated as a ratio of total 
occurrences of the constituent motif in the CRM found in all FA-DR genes (“Defense Genes”).  
The strand which the motif is found is given as either below (- strand) or above (+ strand) the Y-
axis origin. 
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Figure 3-9a: CRM motifs in OsGLP8 DR and non-DR genes. 

 

 

 
 

Figure 3-9b: CRM motifs in OsOXO DR and non-DR genes. 
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Figure 3-9c: CRM motifs in OsPAL DR and non-DR genes. 

 

 

 

 

Figure 3-9: CRM differences between resistant and susceptible promoter haplotypes of DR 

gene family members.  Each genes’ promoter is shown as a horizontal black line starting from 
the left at -2kb, ending at the right at -1 from the TSS.  Genes that have been found to be 
functionally related or non-related to the DR are labelled on the right.  Constituent motifs from 
CRMs 1-5 are shown as colored boxes either above the line (+ strand) or below the line (- strand) 
in each promoter.  CRMs found within the promoters are highlighted bright yellow and labeled 
by number.  Indels of interest are boxed with orange color, and the site of indel in the opposing 
variety is shown as a vertical orange line.  Sequences for specific varieties’ promoters were 
obtained from the 3000 rice genomes project.  The promoters of OsGLP8 family members that 
reside in the rice blast disease resistance QTL for both resistant (SHZ-2) and susceptible (LTH) 
donors are given (a).  The promoters of OsOXO family members that reside in the rice blast 
disease resistance QTL are shown for the susceptible (Azucena) donor.  The resistant donor, 
Moroberekan, does not have available genome sequence, thus another japonica variety, 
Nipponbare, was used (b).  The promoters of OsPAL family members that reside in the sheath 
blight disease resistance QTL for resistant (IR64) and susceptible (Azucena) are given (c). 
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Figure 3-10a: Full OsGLP8 gene family CRM motif profiles.  CRM motif profiles in resistant 
(SHZ-2) and susceptible (LTH) haplotypes. 
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Figure 3-10b: Full OsPAL gene family CRM motif profiles.  CRM motif profiles in resistant 
(IR64) and susceptible (Azucena) haplotypes. 
 

 

 

Figure 3-10: Full gene family CRM motif profiles.  The CRM motifs within each of the entire 
DR gene families are shown for OsGLP8 (a) and OsPAL (b).  These results include gene family 
members that have unknown functions in resistance positively or negatively.  Red interdictory 
circles indicate a lack of promoter and/or gene sequence in the variety. 
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Figure 3-11: Consensus sequences of CRM1 and CRM3.  The consensus sequence shown is a 
visual representation of the percentage of aligned nucleotides across every occurrence of each 
respective CRM in FASTA format.  Each letter is the majority nucleotide for each position on 
the alignment.  Capital letters represent nucleotides that are conserved in at least 50% of all 
sequences, and lowercase letters are less than 50%.  The percentage shown on the right is based 
on the ratio of capital letters to lowercase letters.  The length of each sequence is: CRM1 – 152 
nt, CRM1-appended – 336 nt, CRM3 – 234 nt.  Two CRM1 consensus sequences are shown.  
The first is generated based on the CRM1 window as seen in Figure 3-8.  The second, “CRM1-
appended,” is generated from CRM1 occurrences with an additional 184 nt extended from the 3’ 
end.  This was due to the evidence of a larger “self-complementary” motif structure seen in FA-
DR genes (Figure 3-12a).  The CRM3 occurrence in the OsGLP8-6 promoter is illustrated for 
comparison. 
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Figure 3-12a: CRM1 occurrences in DR genes. 

 



127 

 

 
 

Figure 3-12b: CRM3 occurrences in DR genes. 

 

 

 

 

 

 

Figure 3-12: CRM occurrences in known DR genes.  The CRM motifs within each of the 
entire DR gene promoter for CRM1 (a) and CRM3 (b).  Each DR gene promoter is from IR64 (I) 
or Nipponbare (N).  Red interdictory circles indicate a lack of promoter and/or gene sequence in 
the variety.  CRMs are highlighted in bright yellow or cyan.  Cyan-highlighted regions are the 
larger, “self-complementary” version of the respective CRM.  The cyan-highlighted versions of 
CRM1 are what prompted the generation of a “CRM1-appended” consensus sequence as seen in 
Figure 3-11.  Cyan-highlighted CRM3 occurrences contain complementary Motif B sites. 
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Figure 3-13a: CRM1 alignment with miRNA and MITE sequences. 
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Figure 3-13b: CRM3 alignment with miRNA and MITE sequences.  A table of top 
alignments with miRNA stem loops is included due to the redundancy of matching results.  
CRM3 consensus sequences are aligned to miRNA sequences or MITE sequence, Tc-Mariner. 
 

 

 

 

Figure 3-13: CRM1 and CRM3 consensus alignments with repeat elements. Top alignment 
results from CRM1-appended (a) and CRM3 (b) consensus sequences with miRNA stem loops 
from miRBase (www.mirbase.org) or repeat elements from RITE database 
(www.genome.arizona.edu/cgi-bin/rite/index.cgi).All alignment results are scored with E-values 
less than 1e-10. 
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Figure 3-14: CRM1 and CRM3 secondary structure. Putative RNA secondary structure 
generated using the program RNAfold (rna.tbi.univie.ac.at/cgi-bin/RNAWebSuite/RNAfold.cgi). 
The optimal secondary structure based on minimum free energy is illustrated in dot-bracket 
notation and graphically using base pair probabilities. 
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Figure 3-15a: CRM1 sRNA reads and methylation in known DR genes. 
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Figure 3-15b: CRM1 sRNA reads and methylation in known DR genes. 

 

 

 

 

Figure 3-15: Total sRNA reads and methylation in CRM1 and CRM3 locations within 

known DR gene promoters.  For each known DR gene containing a CRM1 (a) or CRM3 (b) a 
graphical representation of sRNA reads are shown, which was taken from the MPSS sRNA 
sequencing database (mpss.danforthcenter.org/dbs/index.php?SITE=rice_sRNA) (Nakano, 
2006).  Green boxes in the top plots (within a 2kb region) show the CRM position.  Above and 
below the X-axis is plus or minus strand-aligned reads.  The red arrow indicates the direction of 
the respective downstream DR gene.  Orange dots are sRNA reads mapped to that location.  The 
purple line graph shows the “K-mer” line, or degree of repetitiveness.  A K-mer value of >50 
indicates a lighly heterochromatic region, and known to produce sRNAs.  The bottom graphs 
show total methylation within the 1kb surrounding the CRM location.  Each partition along the 
X-axis represents a block of 100bp.  Three separate methylations are represented: CG (green), 
CHG (blue), and CHH (red).  Each colored bar is the relative percentage of methylated (darker 
color) to unmethylated (lighter color) reads.  The green trapezoid from the top to bottom graphs 
shows where the CRM location resides in the methylation plot. 
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Chapter 4:  Overall conclusions and outlook 
 

 

 

Understanding broad spectrum resistance: broad to narrow, to broad 

 In the preceding chapters, the inquiry into the O. sativa Broad Spectrum Defense 

Response (BS-DR) encompassed single gene functionality as well as genome-wide regulation.  

At the genome level, multiple cis-Regulatory Modules (CRMs) were found to associate with BS-

DR gene promoters.  Some of these CRMs have been well-characterized in the literature, thus 

validating the analysis workflow.  The tandem W-box motifs seen in CRM4 and CRM5 are 

recognized as functional elements in the activation of DR genes (Peng et al., 2016; Xu et al., 

2006).  Other CRMs are not as well understood, and possibly introduce a novel regulatory 

mechanism in BS-DR pathways.  This is observed in CRM2, which putatively enables the cross-

talk between ethylene and light-responsive genes, or the epigenetic mechanism that accompanies 

the presence of CRM1 and CRM3.  The approach applied in this thesis yielded results that 

complement the research involving single BS-DR genes and DR gene families.  The 

phenylalanine ammonia lyase gene, OsPAL4, illustrates the classical definition of a large-effect 

BS-DR gene.  The encoded enzyme is a key player in the production of phenolic compounds, a 

staple in plant DR (Cho & Lee, 2015).  A mutant of OsPAL4 decreases resistance to diverse rice 

diseases.  The experiments on the ospal4 mutant also exhibited how other genes of the OsPAL 

family interact, such as the relative upregulation of OsPAL2 in the mutant, which is in the same 

tandem duplication locus as OsPAL4.  The increased expression of OsPAL2 was observed in 

uninoculated tissue and it is unknown what caused the relative upregulation in basal levels of 

OsPAL2.  Though, the increased levels of OsPAL2 transcript did not prevent the susceptible 

mutant phenotype, inferring non-involvement with DR.  These results led to the hypothesis that 
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promoter differences between these two family members effects their differential contribution to 

resistance. Indeed, the OsPAL4 promoter containing CRM2 and CRM4 is present only in the 

resistant QTL donor, and no CRM exist in the promoter of OsPAL2 in either the resistant or 

susceptible variety.  Finding CRMs was accomplished in a blind, de novo fashion, thus it is very 

interesting and exciting to see the union play out between these two approaches of understanding 

BS-DR. 

 The importance of gaining knowledge on BS-DR at the gene and genome levels should 

stay in focus as new varieties are developed and released.  As we pay attention to what is 

successful in durable BS-DR, the impacts of genetic background and polygenic responses 

emerge as paramount.  During pathogen infection and disease spread, the response is throughout 

the organism, and various trade-offs need to occur for resources to be balanced between defense 

and plant development.  Genes involved in the regulation of nutrient uptake, growth, ecological 

relationships, and environmental cues are all in transcriptional flux due to the stress of disease 

(Karasov et al., 2017).  The genomic modifications from epigenetic mechanisms are an integral 

factor in balancing these different processes in the BS-DR (Deleris et al., 2016).  For example, 

differential methylation/de-methylation of loci across the genome plays a role in the 

differentiation between a response to virulent pathogens or microbial symbionts (Zogli & 

Libault, 2017).  Translating this knowledge to breeding is imperative, since epigenetic changes to 

DNA are inherited across generations (Holeski et al., 2012). Thus, the inheritance of BS-DR 

promoters containing CRM1 or CRM3 could be critical for transgenerational basal resistance.  

This work identifies new questions and potential mechanisms that are important to understanding 

durable BS-DR, and will hopefully influence variety development in the future. 
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Future experimental directions 

 The breadth of this work has focused on identifying candidates for future functional 

validation in BS-DR.  For example, of the OsPAL gene family member within the disease 

resistance QTL, OsPAL4 is likely to be the contributing gene, as is verified in the mutant 

experiments.  The specific factor that distinguishes between a resistant and susceptible haplotype 

at the OsPAL4 locus has yet to be discerned.  The identification of putative BS-DR-associated 

CRMs in the OsPAL4 promoter illuminates the possibility of these cis-elements being the key 

regulators in the resistant haplotype.  Along with the OsPAL4 candidate, many other genes 

involved in QTL-mediated resistance harbor CRM promoter polymorphisms such as OsGLP8-6, 

OsGLP8-7, OsGLP8-9, and OsOXO4 (Figure 3-9).  Future work could focus on other 

functionally-associated DR genes that contain a CRM (Table S4-1: Supplemental).  Thus, there 

are multiple candidates for future studies on the functional validation of CRMs and BS-DR gene 

regulation.   These examples show that building from a compilation of knowledge and data from 

the literature, bioinformatic analysis can refine our broad questions about BS-DR into concise, 

measurable hypotheses. 

 Experimental testing to determine the role of CRMs in BS-DR gene regulation will 

involve both observational and direct genome editing techniques.  With recent editing 

technologies, such as TALEN and CRISPR/Cas9 systems, promoters can be altered to determine 

CRM function.  The CRMs of interest could be deleted to determine if responsiveness to the DR 

is lost.  More specifically, the CRM would be replaced with random nucleotides to preserve 

native promoter structure.  A CRM may otherwise be introduced into a BS-DR gene promoter 

that lacks the CRM.  Considering the BS-DR QTL genes mentioned above, the resistant and 

susceptible promoter haplotypes could be edited at the respective CRM loci.  For example, the 
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OsPAL4 promoter contains CRM4 and CRM2 within the resistant allele, and mutating those 

regions may prove to alter OsPAL4 gene expression during DR.  Introduction of these CRMs in 

their respective positions in the susceptible haplotype promoter may “rescue” a resistance 

expression phenotype of OsPAL4, improving the DR of the susceptible host.  One option for 

initial testing and validation of these promoter edits, before whole plant transformation, is 

through transient expression assays.  Measuring the intensity of expression via luminescence of 

an edited or wild-type promoter fused to firefly luciferase, normalized by co-introduction of a 

ubiquitin promoter fused to renilla luciferase, could be tested in rice protoplasts or Nicotiana 

benthamiana leaves (Chen et al., 2006; Wang et al., 2017).  Analyzing the differences in 

response to a defense elicitor, such as chitin, may show an effect between wild-type and edited 

BS-DR promoters.  The context of these types of analyses must be considered, since suspension 

cultured rice cells will be under significant amounts of stress, and N. benthamiana may not have 

the correct genetic background to express the desired phenotype. 

Ideally, when testing the functionality of promoter polymorphisms, it is important to 

analyze phenotypes of edited promoters within the native genetic background.  For example, any 

mutations of resistant OsPAL4 promoter CRMs would be ideally observed in IR64 to retain any 

regulatory mechanisms that act on this promoter in its wild-type state.  Even if these 

experimental variables are well controlled, we must consider the unreconciled issues that come 

with genetic transformation.  Methylation profiles of regenerated rice plants from tissue culture 

are altered significantly, and remain stable across generations (Stroud et al., 2013).  The off-

target binding of guide-RNAs from the CRISPR/Cas9 system can also be an issue, especially 

since the CRMs of interest are found in many genomic locations (Endo et al., 2015).  Promoter 

editing is useful for initial validation of CRM function.  Though as we move forward, the ideal 
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way to measure and understand BS-DR across the genome is through observational methods that 

do not disturb the native cellular and genomic structure.   

 Experiments to observe promoter activity and the effect of CRMs begins with first 

identifying varieties that are polymorphic at the loci of interest.  We have identified those 

genotypes for the QTL-related BS-DR genes and some functionally associated DR genes which 

contain polymorphisms in CRMs between the reference varieties, IR64 and Nipponbare.  In most 

cases of QTL analysis, however, the resistant and susceptible varieties are highly divergent, 

usually separated by sub-populations Indica and Japonica.  This implies that the influence of 

genetic background is dissimilar among the two varieties.  Ideally, using the 3000 rice genomes 

or other rice genomic resources, a variety can be found that is a member of the same 

subpopulation as the resistant variety, but contains a polymorphism in the target CRM.  Thus, 

this would reduce the effect of genetic background as we analyze promoter activity. 

One method of understanding the functionality of a CRM could utilize reverse Chromatin 

Immunoprecipitation (ChIP).  Using a DNA probe containing the target CRM to bind the 

promoter segment of interest, or the promoter segment whose genotype has the CRM removed, 

the proteins bound to it can be pulled down.  Mass spectrometric analysis can then discern the 

types of proteins bound to the CRM locus, and compare between promoter genotypes.  There 

may exist a transcription factor or other protein associated with the CRM, and testing reverse 

ChIP both before and after pathogen infection may shed light on the involvement in DR.  

Another method for observing the BS-DR in a native genomic environment incorporates bisulfite 

treatment of genomic DNA and subsequent sequencing to measure degree of methylation across 

CRM loci.  This type of analysis is especially valuable for surveying the role of CRM1 and 

CRM3 in methylation/de-methylation of BS-DR promoters.  Bisulfite sequencing could be 
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administered to two varieties with polymorphic CRMs both before and after pathogen 

inoculation, and during a time course thereafter.  Degree of methylation can be measured by 

mapping the reads back to the CRM loci of interest, thus hopefully discerning the mode of action 

of CRM1 or CRM3.  The presence/absence of these CRMs could assist in epigenetic activity 

across many BS-DR genes across the genome, and other genes with the respective CRMs in their 

promoters could be measured as well to, in a way, predict their role in BS-DR.  A very 

interesting candidate for this experiment is OsGLP8-6, which contains the large promoter 

insertion in variety SHZ-2, containing CRM1 in the 3’ end (Figure 3-9a).  Looking at the 

differences in methylation of SHZ-2 and LTH during infection may elucidate the hypothesized 

function of this CRM.  The DR gene, WRKY53, is also a good candidate for this work, and has 

been shown to be involved in BS-DR (Chujo et al., 2007; Hu et al., 2016).  The methylation in 

wild-type Nipponbare tissues is definitive in the CRM1 locus in this gene’s promoter, and 

produces many sRNAs at this locus (Figures 3-12a, 3-15a).  A critical piece of this analysis 

would be to accompany RNA-sequencing alongside bisulfite sequencing to elucidate the 

relationship between methylation and expression of BS-DR genes Since bisulfite sequencing is a 

genome-wide endeavor, there are many interesting questions that can be answered about the 

entire BS-DR, and the contribution of CRMs to this response.  Analyzing the effects of different 

pathogens, including X. oryzae pv. oryzae, M. oryzae, and R. solani could shed light on trends 

that occur across these genes.  Relating this data to the co-expressed BS-DR cluster of genes can 

validate this research even further.   

As for future experimental endeavors in the bioinformatics realm, delving deeper into the 

hypothesis of CRM1 and CRM3 as putative genome-wide, regulatory repeat elements is a 

priority.  The consensus sequence for both of these CRMs has been uncovered (Figure 3-11).  
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These sequences were found using small motifs initially, however, so a search back the other 

direction is the next step.  There are other conserved elements in CRM1 and CRM3 along with 

the motifs seen in this work, and a full structure, evolutionary analysis, and physical map of 

these CMs across the genome is necessary.  This will be especially helpful when looking back on 

results of bisulfite sequencing during the DR, to truly find a relationship of these CRMs with 

differentially methylated/regulated genes across the genome. 

 

Looking forward: The importance of crossing 

 As we continue to strive for durable, broad spectrum resistance in new rice varieties, we 

will always face challenges of new disease outbreaks.  The strategy to overcome this threat is 

attributed to an “arms race.”  This label rightfully expresses the relentless struggle.  When a 

virulent pathogen arises, we introduce a new weapon, analogous to an R-gene, to restore 

resistance, but it is short-lived as the enemy builds its own arsenal, due to inevitable pathogen 

evolution (Ballini et al., 2008).  Sadly, the cycle must continue. Since the introduction of a single 

R-gene cannot confidently provide durable resistance, a proposal to improve durability stacks 

multiple R-genes into one rice variety (Wulff et al., 2011).  The transgenic approach to 

introducing R-gene stacks is seen as an easier method than crossing plants due to the speed and 

precision it provides (Kumari et al., 2017; Wulff et al., 2011).  As newer gene editing 

technologies, such as CRISPR/Cas9 are perfected, this level of precision and efficiency will 

increase (Feng et al., 2014).  Though, introducing an R-gene into a foreign genetic background 

can neglect the complex polygenic mechanism that resistance requires.  For instance, some R-

genes sense pathogen effector activity on another host protein, thus would require this other 

“guardee” protein to function (Mackey et al., 2002).  Rice R-genes can often be large-effect DR 
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genes, not participating in ETI, hence they would require a strong BS-DR genetic background to 

effectively function (Ke et al., 2017).  Furthermore, an R-gene’s efficacy against M. oryzae was 

enhanced when another partial resistance QTL from the same genetic background was 

introduced (Barbary et al., 2016).  This type of resistance would be lost if only single R-genes 

were introduced to a variety via transformation.  Most strikingly, as mentioned above, epigenetic 

structure is affected by methods of genetic transformation (Stroud et al., 2013).  Through the 

work presented here and others, we know the importance of epigenetics on disease resistance. 

Thus, an attempt to improve resistance with transgenic approaches may disrupt the inheritance 

of, or inhibit/alter DNA methylation mechanisms of BS-DR.  Using classical breeding methods 

instead of transformation, along with marker assisted selection (MAS), has proven to be effective 

in introducing resistance to multiple pathogens (Das & Rao, 2015).  Utilizing the natural 

mechanisms of recombination and sexual reproduction will preserve linkage groups and 

epigenetic inheritance that retain BS-DR in the population.  As more BS-DR alleles are selected 

from diverse genetic backgrounds in breeding efforts, we could lessen the severity of the boom-

bust cycle accredited to the arms race. 

The key to understanding basal resistance cannot be simplified to a few loci.  It rather lies 

in the many BS-DR genes, and the various alleles that arise across rice genomes.  Recently, there 

has been a progressive decline in the genetic diversity and number of different rice varieties 

grown throughout the world (Heal et al., 2004; Singh et al., 2016).  This has been attributed to 

breeding for specific stress tolerance traits while preserving a homogeneous phenotype in the 

population.  Thus, the focus is on introgression of specific loci, and avoids other genetic 

contaminations from the donor parent.  Since basal resistance can involve hundreds of genes 



152 

 

with small effect, these genomic “contaminations” may contain genetic treasures, such as unique 

BS-DR promoter alleles with CRMs.  

The strategy used in this work combined multiple steps of different computational 

analyses to test the correlation between the BS-DR and a presence/absence of promoter CRMs.  

Associating CRMs with disease resistance was built on previous biological validation of several 

DR genes that function in broad spectrum disease resistance.  Specifically, the promoters driving 

DR genes, OsGLP8-6, OsOXO4, and OsPAL4, had previously been shown to contribute to 

disease resistance.  The results presented here show CRMs reside exclusively in each of their 

respective resistance alleles.  Based on this information, we predict that a CRM signature within 

DR gene promoters can be used as a marker for future breeding practices to enrich for the most 

responsive and effective DR genes across the genome. 
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